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FOREWORD

This report describes work accomplished under TECOM Project No. 8-C0-210-
049-244 for the Joint Chemical/Biological Contact Point and Test (Project DO-
49), which is managed and executed by the Joint Contact Point, U.S. Army
Dugway Proving Ground, Dugway, Utah. The evaporation and recirculation field
test program was a tripartite effort with active participation by the British
Chemical/Biological Defence Establishment (CBDE), Porton Down, England; the
Canadian Defence Research Establishment Suffield (DRES); and West Desert Test
Center (WDTC), U.S. Army Dugway Proving Ground (DPG). CBDE participants
included Dr. Christopher Jones and CBDE contractors Dr. Ian Roberts, Mr.
Wilfred Evans, and Mr. Ilias Mavoritis. Dr. Eugene Yee led the DRES team
consisting of contractors Mr. Geoff Chandler and Mr. Ray Chan. DPG partici-
pants included Christopher Biltoft (Test Director), Mr. Frederick Baney, Mr.
Jimmy Calhoun, Mr. William Grayson, and Ms. Georgia Stewart of the WDTC
Meteorology & Obscurants Division and Mr. David Petrie and Mr. Jim Yale of the
WDTC Test Operations Division. Mr. Robert Feldman assisted with the prepara-
tion of figures and tabular data, and Mrs. Susan Gross provided word process-
ing support.
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EXECUTIVE SUMMARY

A series of open-air dispersion experiments known collectively as the
Evaporation, Recirculation, and Dispersion in Light Winds trials was conducted
at U.S. Army Dugway Proving Ground (DPG) in July-August 1995. The partici-
pants were scientists representing the British Chemical/Biological Defence
Establishment (CBDE); the Canadian Defence Research Establishment Suffield
(DRES); U.S. Army DPG West Desert Test Center (WDTC); and a consortium from
the University of Utah, University of Maryland, and Michigan State University.
These researchers examined several aspects of surface effects on the disper-
sion of windborne material within the lower portion of the atmospheric
boundary layer. The objectives of the three main experimental subtests were
to: (1) obtain evaporation data from neat and thickened methyl salycilate
(MES) and diethyl malonate (DEM) droplets deposited on sand, concrete, and
aluminum surfaces; (2) document the effects of atmospheric stability and
obstacle geometry on the accumulation and dissipation of material entrained
into the recirculation region within the wake of a 2-m cube; and (3) examine
near-surface turbulence and its effects on dispersing plumes during low wind
speed conditions. Additional methodology studies were performed to determine
the efficacy of using fast-response hot-wire anemometry to measure the
turbulent wind field, including turbulence production and dissipation, around
obstacles and in the viscous sublayer immediately adjacent to the earth'’s
surface. Significant results were obtained from all of the subtests and
methodology studies.

The Evaporation, Recirculation, and Dispersion in Light Winds trials
series was a continuation of a tripartite (U.S., U.K., and Canada) concentra-
tion fluctuation test series designed to improve our understanding of atmo-
spheric dispersion processes. As noted above, this field test consisted of
three subtests and two methodology studies. The Evaporation, Recirculation,
and Plume Profile and Turbulence Effects Subtests were conducted at the DPG
Tower Grid test site. The methodology studies were conducted at Tower Grid
and a remote test site adjacent to the Goodyear Road causeway, which crosses
the salt flats of the Great Salt Lake Desert. Figure 1 shows the locations of
test sites on a DPG map. The data from the Evaporation and Recirculation
Subtests were analyzed by CBDE contractors who have documented the results in
reports to CBDE and a doctoral thesis. The methodology study results have
been documented in University of Utah technical reports, open literature
publications, and a doctoral thesis. The principal focus of this report is on
the Plume Profile and Turbulence Effects Subtest, which studied near-surface
plume dispersion under non-steady flow in light winds.

Table 1 in Section 2 summarizes the trials conducted during the Evapora-
tion Subtest. Of the 34 successful trials of 30- to 120-min duration, 12 used
MES as the simulant and 22 used DEM. The subtest objective, which was to
document the effects of droplet size, thickener content, simulant type,
surface type, and meteorological conditions on droplet evaporation rate, was
met. Data from these trials in combination with data from earlier work have
been used to validate a comprehensive evaporation model, satisfying a knowl-
edge shortfall identified by Technical Panel 9 of The Technical Cooperation
Program (TTCP) Subgroup E on Chemical/Biological (CB) Defense. Detailed
results are provided by Roberts (1996).
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Table 2 in Section 2 summarizes the 89 trials of the Recirculation Region
Subtest. Forty-nine of these trials, which were typically 2 to 5 min in
duration, were performed with a cube orientation of 0° (cube face normal to
the wind) and 44 were performed with a cube orientation of 45°. Data acquired
during the trials included infrared (IR) imagery of tracer gas (propylene)
dispersion around the cube and hot-wire anemometer measurements of winds and
turbulence within the cube’s wake. The subtest objective, which was to
document obstacle geometry and atmospheric stability effects on the retention
of windborne material entrained into the accumulation region in the wake of a
bluff object, was met. Flow around bluff bodies during stable atmospheric
conditions produces large wakes that retain high concentrations of windborne
contaminants. However, when these results are normalized by wake width and
wind speed, atmospheric stability appears to have a minimal effect on contami-
nant residence time. Recirculation trials results are being used to develop
and validate urban dispersion model algorithms. Detailed analyses of obstacle
wake entrainment results are given by Mavoridis (1996, 1997).

The university consortium conducted several methodology studies using hot-
wire anemometry. One study, which supported the Recirculation Region Subtest,
involved turbulence measurements within the wake of the 2-m cube. This study
was only partly successful because dust accumulated on the hot-wire sensor
elements. The second methodology study, which investigated stability and
Reynolds number effects on flow within the near-surface wall region, was
performed on the salt flats immediately north of the Causeway near Photo Pad
11. Steady wind conditions and the absence of micrometer-scale windborne dust
particles made high quality near-surface hot-wire anemometry possible at this
location. These studies included wind velocity profile measurements around a
small (0.25-m) cube and near-surface turbulence, vorticity, and stress
measurements. The resulting data document surface (near-wall) effects on
turbulence and momentum profiles, fluxes, and turbulent kinetic energy
generation and dissipation in high Reynolds number flows and provide a
database for development of near-surface high Reynolds number flow models.

The Plume Profile and Turbulence Effects Subtest was designed to provide
information on the effects of near-surface turbulence on the vertical compo-
nent of plume dispersion during non-steady flow in light winds. During this
subtest, propylene was continuously released for periods of 15 to 35 min at
heights ranging from 0.05 to 2.5 m above ground level (AGL). A vertical array
of gas concentration detectors was positioned 12.5 to 100 m downwind of the
source to provide detailed vertical plume concentration profile measurements.
Concentration detector availability limited the vertical array to a single
tower fully instrumented from 0.25 to 8.0 m. Sonic anemometer/thermometers
(sonics) also mounted on this tower provided wind and turbulence measurements.

Wind meander wafted the disseminated propylene plume intermittently across
the detectors during the Plume Profile and Turbulence Effects Subtest. The
quantity of nonzero plume concentration measurements varied inversely with the
amount of meander experienced during each trial. Of the 24 trials, 15
provided sufficient propylene concentration data to form vertical concen-
tration profiles, six of which supported detailed statistical analyses. The

ix




plume vertical profile and accompanying micrometeorological data provide
detailed information on near-surface dispersion during light winds.

The Plume Profile and Turbulence Effects Subtest led to the development of
two new indices, the Diabatic Ratio (DR) and the Total Diabatic Influence
(TDI). DR represents the ratio of convectively-driven to shear-driven
turbulence, and TDI is a measure of turbulence strength. Both indices are
needed to describe the turbulent state of the atmosphere: DR defines whether
turbulence is primarily convective or shear-driven, while TDI defines its
magnitude. These indices were developed as alternatives to existing similari-
ty-based indices to better represent the state of the atmosphere within the
first few meters of the surface where the preponderance of troop exposure to
windborne hazards occurs. When applied to realistic non-steady atmospheric
conditions such as light winds punctuated by turbulence bursts and transition
through sunrise, these indices appear to characterize the state of the surface
layer better than the widely used similarity theory indices. DR and TDI also
can be easily calculated in near real-time using the output of a two-axis
sonic anemometer/thermometer. If these new indices are proven useful in
further testing, they could find wide application in the modeling of windborne

hazards.



SECTION 1. INTRODUCTION

The Surface Effects on Evaporation, Recirculation, and Dispersion in Light
Winds project was designed to address issues related to troop vulnerability to
high concentrations of hazardous windborne materials. The principal focus of
this report is on the effects of surface characteristics (e.g., wakes, poros-
ity, surface heating, and turbulence) on the concentrations of material
dispersing near the surface during light wind conditions. Near-surface
effects are important because the majority of troop exposures to hazardous
materials occur within a few meters of the surface. Field measurements are
needed to define these effects because near-surface velocity gradients are too
strong and turbulence scales are too small for present direct numerical or
large eddy simulations. Surface effects are a significant operational concern
to the military because high concentrations of hazardous materials can occur
near the surface, particularly during light wind situations when the turbu-
lence driving the dispersion process is weak. A major goal of this work is to
improve our understanding of near-surface dispersion, which should lead to
improved hazard scenario modeling and better design and deployment of
windborne hazard monitoring equipment (e.g., chemical and biological agent
detectors).

The Surface Effects on Evaporation, Recirculation, and Dispersion in Light
Winds experiment series was a tripartite effort with participation by the
British Chemical/Biological Defence Establishment-Porton (CBDE), the Canadian
Defence Research Establishment Suffield (DRES), and U.S. Army Dugway Proving
Ground (DPG). Each participating nation contributed unique capabilities to
address multiple aspects of near-surface dispersion. The principal CBDE focus
was on evaporation and bluff body recirculation region studies, while DRES
performed detailed near-surface concentration profile measurements. DPG was
responsible for test program management and meteorological and infrared (IR)
imagery support. A DPG contractor, the University of Utah Department of
Mechanical Engineering, provided the hot-wire anemometer measurements needed
to characterize near-surface velocity and turbulence profiles.

The Evaporation, Recirculation, and Dispersion trials were conducted at
two locations, one near Tower Grid (40° 06'N, 112° 58'W) and one near Photo
Pad 11 on the salt flats immediately north of Goodyear Road (40° 08'N, 113°
26'W). Tower Grid is typical of high desert terrain, with long periods of
light winds persisting through the evening and early morning hours. The
terrain is characterized by a gently sloping clay surface with a light cover
of short, brushy vegetation. Drainage flows make Tower Grid a suitable
location for dispersion and evaporation tests as long as measurements are not
required immediately above the dusty clay surface. 1In contrast to the
aerodynamically rough Tower Grid location, the salt crust surface on the Great
Salt Lake Desert forms an aerodynamically smooth surface virtually devoid of
vegetation. Velocity and turbulence profile measurements very close to the
surface are more successful on the salt flats because the salt crust is free
of the fine clay particles that interfere with the calibration of the fine
heated wires used as sensing elements for hot-wire anemometers.

The desert floor forms an impenetrable "no-slip" boundary underlaying the
atmospheric boundary layer (ABL), the portion of the troposphere sufficiently

1




close to the earth that it responds to surface forcings. This surface is a
momentum sink, a heat source during the day, and a heat sink at night.
Because the constantly varying fluxes of heat and momentum keep ABL flow in a
continuous state of evolution, a "steady state" condition that can be ade-
quately treated using standard statistical methodologies is the exception
rather than the rule. The structure of the ABL can be divided into an outer
region, an inertial sublayer, and a near-wall region. Each region or sublayer
has unique characteristics that can be described in terms of relevant scaling
variables. The focus of this report is on the inertial sublayer, which
encompasses the first few tens of meters above the surface, and the near-wall
region, which lies within a few tens of centimeters of the surface.

The state of the ABL is usually described in terms of similarity theory
relationships, with Monin-Obukhov scaling applied to the surface layer, while
mixed layer or convective scaling is used when convection is present. These
semi-empirical relationships are based on an apparent behavioral dependence of
boundary layer characteristics on scaling variables that include the vertical
fluxes of heat and momentum. Because a flux describes the passage of a
quantity (heat, momentum) through a surface, it should be representative of an
area. In contrast, surface-based measurements used to calculate fluxes are
usually made at a point in space, which renders vertical flux calculations
highly susceptible to non-stationary flows over inhomogeneous surfaces. This
problem is particularly prevalent close to the surface where strong gradients
and constantly changing fluxes of heat and momentum occur. Thus, while many
authors (for example, Deardorff, 1985; Venkatram, 1988) have successfully
applied similarity scaling at "smoke stack" heights of 10 to 100 m and through
the convection-dominated boundary layer, no comparably successful methodology
has emerged for the light winds and variable conditions that frequently occur
at "nose height" (within 2 m) of the surface.

Persistent weak winds within the inertial sublayer present a dispersion
modeling challenge because some of the greatest hazards for windborne releases
of toxic materials occur during light winds when mixing is weak or intermit-
tent and flow patterns are variable. High concentrations of toxic materials
can also persist for long periods or accumulate in the wakes of obstacles
under these conditions in complex terrain. Variable light winds are most
common during near-surface nocturnal drainage flows, but can also extend
through sunrise transition into periods of daytime convection. This report
examines the limitations of present theory and presents some practical
alternatives for describing the state of the inertial sublayer during variable

light wind episodes.

The near-wall region of the ABL has received little attention by the
meteorological community in part because of the difficulty of obtaining
measurements close to the earth’s surface. However, ABL turbulence is
intimately coupled with surface heat and momentum fluxes. Also, fine-scale
processes such as evaporation, deposition, resuspension, and the destruction
of concentration gradients occur as a consequence of near-wall turbulence
generation and dissipation. This report describes flow and turbulence
measurements within the near-wall region and the use of the resulting data to

verify near-surface physical models.
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SECTION 2. THE EVAPORATION AND RECIRCULATION MEASUREMENT PROGRAM

2.1 THE EVAPORATION SUBTEST

The Evaporation Subtest was undertaken to provide a validation data base
for a mass transfer model for predicting the evaporation of chemical agent
droplets from various surfaces (Roberts, 1994). This model considers the
effects on droplet evaporation of surface roughness, molecular diffusion
within the wall region adjacent to the surface, and atmospheric stability.
The development and validation of this model helps to fill a modeling short-
fall identified by an expert panel of Technical Panel 9 of The Technical
Cooperation Program (TTCP) Subgroup E on Chemical/Biological (CB) Defense.

The need for a new evaporation model was driven by the unsatisfactory
performance of existing models. Roberts (1994) reports that available droplet
evaporation results can be reproduced with existing models only through the
use of unrealistic spread factors, wind velocity adjustments, and/or absorp-
tion or diffusion conditions because the model physics is inadequate.
Evaporation model development has been stymied by incomplete characterization
of the absorption and evaporation processes, including the lack of an adequate
model of near-surface turbulence.

The specific objectives of the Evaporation Subtest were to: (a) quantify
spread factors and evaporation rates for droplets deposited on various
surfaces, and (b) obtain a better understanding of the relative importance of
various physical factors (droplet size, surface porosity, simulant type, and
thickener content) on these variables. The surfaces chosen for the trials
were sand, concrete, and aluminum plate, which respectively represented
porous, semi-porous, and non-porous substrates. Diethyl Malonate (DEM, a
simulant for the chemical agent GD) and Methyl Salicylate (MES, a simulant for
the chemical agent HD) were the selected simulants. Polymethylmethacrylate
powder (co-polymer K-125) served as the thickener. The mean droplet size
varied from 1.0 to 3.6 mm, depending on thickener content.

The evaporation trials were conducted at the DPG Tower Grid test site
between 17 July and 11 August 1995. The site, 30 m south of the Tower Grid
Command Post (CP) Building, consisted of a concrete annular ring "sidewalk" of
6-m radius and 1-m width located on flat, open terrain characterized by a
surface roughness length z, of 1.6 cm. The interior of the annulus was filled
with sand, and aluminum plates ringed its outside edge. The purpose of the
annular ring design was to ensure uniform exposure of detectors stationed at
the annulus centroid to the evaporated vapors from droplets deposited in a
uniform pattern around the ring. Ultraviolet ion collectors were placed at
the annulus center at heights of 5, 15, 30, 50, and 80 cm above ground level
(AGL) to measure these evaporated vapors. Ancillary measurements obtained
near the evaporation site included surface and air temperature profiles. A
sonic anemometer/thermometer (sonic) mounted at 2 m AGL measured wind and
turbulence. A schematic of the amnular ring and experimental set-up is shown

in Figure 2.

DEM or MES admixed with 0, 3, or 5 percent by weight of co-polymer K125
thickener were deposited in the trials series summarized in Table 1. The
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Table 1. Evaporation Site Trial Summary.*

Trial Date Duration Droplet Liquid Liquid Thickener Surface

No. Day/Mo/Year (min) Diameter  Type Loading® {%) Type
{mm) {mg m™) .

u01 21/7/95 60 3.6 DEM 3358 (0] concrete

u02 21/7/95 60 3.6 DEM 7750 0 concrete

u03 22/7/95 90 3.6 DEM 7750 0 concrete

u04 22/7/95 90 0.2-2.0 DEM 9376 3 concrete

u05 24/7/95 60 02.-2.0 DEM 9055 3 aluminium

u06 24/7/95 45 0.2-2.0 DEM 6781 5 aluminium

u07 24/7/95 30 3.6 DEM 4421 0 aluminium

u08 24/7/95 30 3.6 DEM 4421 0 aluminium

u09 24/7/95 30 0.2-2.0 DEM 6781 5 aluminium

u10 24/7/95 30 0.2-:2.0 DEM 7127 3 aluminium

ul1 25/7/95 60 3.6 DEM 7233 0 concrete

ul2 25/7/95 80 0.2-2.0 DEM 9035 3 concrete

ul4 25/7/95 60 3.6 DEM 6006 0 concrete

ulb 26/7/95 90 0.2-2.0 DEM 8261 3 sand

ulb 26/7/95 60 0.2-2.0 DEM 4721 5 sand

uls 28/7/95 60 0.2-2.0 DEM 6119 3 sand

ul9 28/7/95 60 0.2-2.0 DEM 5993 5 sand

u20 28/7/95 60 3.6 DEM 7327 (0] sand

u22 29/7/95 90 0.2-2.0 DEM 5071 5 concrete

u23 29/7/95 60 0.2-2.0 DEM 5178 3 concrete

u24 29/7/95 60 0.2-2.0 DEM 5993 5 sand

u25 29/7/95 60 0.2-2.0 DEM 6884 3 sand

u26 01/8/95 90 0.2-2.0 MES 4734 3 concrete

u2? 01/8/95 120 0.2-2.0 MES 4636 5 concrete

u28 01/8/95 90 3.6 MES 6928 (0] concrete

u30 02/8/95 60 0.2-2.0 MES 5680 3 sand

u31 02/8/95 75 0.2-2.0 MES 6823 5 sand

u32 03/8/95 75 0.2-2.0 MES 5679 3 aluminium

u35 03/8/95 60 0.2-2.0 MES 8036 5 aluminium

u36 04/8/95 90 3.6 MES 5298 0] aluminium

u37 04/8/95 90 3.6 MES 9211 0] sand

u3s 04/8/95 60 0.2-2.0 MES 10061 3 sand

u39 04/8/95 45 0.2-2.0 MES 7883 5 sand

u40 04/8/95 45 0.2-2.0 MES 6509 3 concrete

* From Roberts (1996).

b Liquid loading is the neat chemical loading per unit length of annulus.



droplet deposition was fixed at 10 g/m?’, with droplet diameters ranging from
0.2 to 2 mm (mean of 1.0 mm) for thickened mixtures and 3.6 mm for neat mix-
tures. The micro-pipette that deposited the neat simulant droplets provided
greater droplet size control than the rotating-disk droplet sprayer used with
the thickened mixture. A uniform evaporating (curved) line source was formed
by depositing a continuous swath of droplets at a fixed rate along the arec,
which provided uninterrupted detector exposure to a uniform evaporating source
even with changes in wind direction. A video recorder provided time-lapsed
images of deposited droplet samples as they soaked into and/or evaporated from
their underlying surfaces.

Wind

Sand Y

Temp
probes

Video

Aluminium
Concrete
and

Figure 2. Schematic of the annular ring and experimental set-up used in the
Evaporation Trials (from Roberts, 1996).




The concentrations of the evaporating simulants were measured by CBDE's
Ultraviolet Ion Collector (UVIC) photo-ionization detectors (PIDs). As part
of data analysis, the UVIC voltage readings were converted to simulant
concentrations in parts per million (ppm) and the horizontal vapor flux was
calculated for each trial. The vapor flux was computed by integrating the
product of concentration and wind speed over the plume depth using a power-law
wind profile fitted to the measured wind speeds and a reflected Gaussian
distribution fitted to the measured simulant concentrations. This vapor flux
represented the mass release rate per unit line source length of the evaporat-
ing droplets. Assuming that individual droplets contribute esqually to the
total amount of evaporating material, the calculated flux and known number of
individual droplets per unit length of line source define the droplet evapora-
tion for each trial. These calculated evaporation rates were also correlated
with time-lapse droplet size video imagery.

The quality of the evaporation data was evaluated by comparing the mass of
simulant initially deposited on the aluminum surfaces to the vapor mass
measured throughout each trial. The average recovery for drops deposited on
the aluminum surface was 96 percent, with a standard deviation of 15 percent.
Roberts (1996) believes that similar recovery rates were achieved for drops
deposited on the sand and concrete surfaces. The major source of uncertainty
occurred toward the end of each test when the vapor concentrations were very

low.

Roberts (1996) compares the Evaporation Subtest evaporation data to the
predictions of the Roberts (1994) model and finds that the model reasonably
replicates the early stages of evaporation, correctly distinguishing the
effects of thickener and surface porosity on evaporation rates. There is a
close (within 110 percent) correspondence between predictions and measurements
in the early stages of evaporation, with perhaps a slight early stage
underprediction of evaporation on concrete surfaces. However, the model tends
to overpredict the evaporation rate in the later stages of evaporation
regardless of the surface type or thickener content. Roberts (1996) believes
that the later stages of evaporation are governed by transport processes
within the surface substrate (such as capillarity, diffusion, and gravitation-
al flow), and that the physics of these processes is not well specified. More
detailed models and measurement techniques are needed to resolve this issue.

The Evaporation Subtest results also provided an opportunity to quantify
droplet spread in terms of a spread factor, the ratio of the wet spot diameter
on the surface to the droplet diameter prior to impact. Droplet images prior
to and after impact were obtained using a video camera. Unfortunately, poor
contrast over the aluminum surface precluded differentiating wet spots on that
surface. However, Roberts (1996) was able to achieve the required video image
pairs over sand and concrete. He reports a spread factor of 2.5 on sand
regardless of droplet size or viscosity. In contrast, viscosity and droplet
size appear to affect droplet size on concrete. A rough estimate of the
spread factor on concrete is 0.6d + 2.5, where d is the droplet diameter in

millimeters.



2.2 THE RECIRCULATION SUBTEST

Flow around a large obstacle forms a horizontally-oriented "horseshoe"
vortex that begins upwind of the obstacle front and wraps around the sides,
trailing into the wake. This horseshoe vortex mixes windborne contaminants
rapidly to the ground, distributing them around the obstacle and into a
recirculating "accumulation region." Contaminant concentration within the
accumulation region varies as a function of wake dimensions, wind speed,
turbulence intensity, and the magnitude and duration of the contaminant
concentration impinging upon the obstacle. Gaussian dispersion models do not
presently include methodologies to account for the accumulation, retention,
and dissipation of contaminants trapped within the wakes of large obstacles.
To address this deficiency, Mavoridis (1996, 1997) performed a series of wind
tunnel experiments and field trials, including the Recirculation Subtest. The
principal purpose of the Recirculation Subtest was to investigate source
geometry and atmospheric stability effects on the accumulation and dissipation
of a windborne tracer (propylene) in the accumulation region within the wake
of a 2-m plywood cube.

The Recirculation Subtest was conducted at the DPG Tower Grid test site
between 22 July and 8 August 1995. Trials were conducted on flat, open
terrain characterized by low brush and a surface roughness length of 1.6 cm.
The test site was approximately 800 m south of the Evaporation Subtest site.
This separation was sufficient to preclude the possibility that tracer
materials released at one site would contaminate measurements made at the
other.

Each Recirculation Subtest trial began with the positioning of the
disseminator 4 or 5 m upwind of the cube at a height of 1 or 2 m AGL. As
shown in Figure 3, the cube, which was mounted on a central pivot, could be
rotated to present either a "face-on" (0° orientation) or "corner-on" (45°
orientation) front to the mean wind direction. UVICs were stationed in the
wake of the cube at a height of 1 m to obtain time-resolved measurements of
propylene concentration. Table 2 summarizes the Recirculation Subtest trials.
The last trial set, designated UTM, in Table 2, is distinguished by the
location of the source 0.5 m behind the cube as shown in Figure 4. This
configuration produced reference maximum concentrations within the accumula-
tion region.

A recirculation trial could only be accomplished while the tracer source
remained aligned upwind of the cube front. Thus, trial conduct required
careful monitoring of the meandering winds. Once the wind direction came into
alignment, the disseminator was turned on to begin a trial. The UVICs were
then switched on to sample the propylene concentrations within the accumula-
tion region. As this propylene concentration reached its upper plateau, the
disseminator was abruptly shut off. The UVICs then measured the propylene
concentration decay within the accumulation region. The multiple trials
conducted within experimental sessions included several source distances,
source heights, and cube orientations.

The recirculation region propylene concentration measurements were supple-
mented by sonic anemometer readings obtained from a CBDE-furnished tripod-
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mounted sonic positioned upwind of the cube at a height of 2-m AGL. The sonic
provided mean wind and turbulence statistics and the fluxes of heat and
momentum required for determinatin of the Obukhov length L. Recirculation
Subtest micrometeorological summaries are provided by Mavoridis (1996, 1997).

A total of 89 trials of 2- to 5-min duration were completed during the
Recirculation Subtest. Concentration data from UVICs stationed in the cube
wake were used to estimate the accumulation region residence time t,, which is
defined by Mavoridis (1996) as the time required for the accumulation region
concentration to decay to l/e (37 percent) of its orginal value. The trial
results indicate that accumulation region evacuation proceeds exponentially,
as predicted by Hunt and Castro (1994). Figure 5 illustrates an averaged
recirculation region time series with this characteristic exponential decay

rate.

The Recirculation Subtest residence time t, results, when normalized by the
cube dimension h and mean flow u around the cube, were initially found to be
inconsistent with results presented by Fackrell (1984), particularly when the
cube was in a side-on orientation with respect to the wind direction.

However, the hot-wire anemometer measurements described by Metzger and
Klewicki (1996, see also Section 4 of this report) showed that the side-on
cube orientation produced a larger wake width h’ than the face-on orientation.
When Mavoridis (1996) defined a non-dimensional residence time t, as

t, = tqu/h’ . (2-1)

r

he was able to achieve results consistent with Fackrell (1984). Thus, h'
appears to be a more relevant dimension than h for wake accumulation modeling.

Flow around the cube during stable atmospheric conditions produced larger
wakes, higher accumulation region concentrations, and longer t, than corre-
sponding measurements taken when the atmosphere was unstable. However, the
magnitude of t, varied little with stability, indicating that u and h'’
accounted for most of the variability observed in t,. Mavoridis (1996)
concludes that stability effects are implicitly accounted for in suitably
normalized accumulation region residence times.
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Figure 3. (a) Plan view of Recirculation Subtest source, UVICs, and 2-m cube,
with cube orientations of 0° (face-on, solid line) and 45° (side-
-on, dashed line). (b) Side view of Recirculation Subtest source,

UVICs, and 2-m cube with cube orientation of 0°.
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S = Source (a)
D = Detector D
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Figure 4.

Plan view of source and detector configuration for Experimental
Session UTM conducted on 7 August 1996 with the source positioned
at a 1.0 m height in the center rear of the 2-m cube and an array
of UVICs stationed within the accumulation region in the wake of
the cube. (b) Side view of configuration for Experimental Session
UTM.
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Figure 5.
wind array 1.5 m downwind of the 2-m cube during Trial UTEO2,
illustrating exponential decay following gas switch off at 1063 s
into the trial sequence (from Mavoridis, 1996).
Table 2. Recirculation Subtest Trial Summary.
Experimental
Session Number of Time of Cube Source Source
(day/month) Trials Day Orientation Distance Height
(deg) (m) (m)
UTB (22/7) 2 Daytime 0 5 upwind 2
UTC (24/7) 5 Daytime 0 5 upwind 2
UTD (25/7) 8 Daytime 0 5 upwind 2
UTE (27/7) 5 Nighttime 0 5 upwind 2
UTF (28/8) 11 Nighttime 0 5 upwind 2
UTG (29/7) 6 Daytime 45 5 upwind 2
UTH (31/7) 5 Daytime 45 5 upwind 2
UTJ (2/8) 11 Nighttime 45 5 upwind 2
UTIK (3/8) 11 Nighttime 45 5 upwind 2
UTL (4/8) 14 Daytime 0 4 upwind 1
UTM, (7/8) 5 Daytime 45 4 upwind 1
UTM™, (7/8) 6 Daytime 0 rear face 1
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SECTION 3. ATMOSPHERIC BOUNDARY IAYER DYNAMICS

3.1 BOUNDARY LAYER THEORY AND PRACTICES

The atmospheric boundary layer (ABL) is the portion of the atmosphere
characterized by the high Reynolds number flows that are produced by the
diurnal heat flux cycle and other forcings originating at the earth’s surface.
The ABL is generally more complex than "engineering" boundary layers (found in
pipe, channel, and wind tunnel flows) because it contains continuously varying
heat fluxes, temperature and velocity gradients, directional shear and
divergence fields, and complex surface roughness features. Perhaps the ABL's
major distinguishing feature is that it is in a constant state of change,
continuously adjusting to varying fluxes of heat and momentum. Also, the
spatial and temporal scales parameterized by the Reynolds number relevant to
ABL flow are often several orders of magnitude greater than comparable scales
found in other boundary layer flows. ABL theory is further complicated by the
lack of a unified treatment; the outer region and inertial sublayer are
typically studied by meteorologists interested in atmospheric transport and
diffusion, while the wall region remains the domain of mechanical engineers
who are principally interested in momentum and turbulence exchange in highly
sheared flows and viscous effects on near-surface interactions. This section
summarizes salient features of existing boundary layer theories and practices,
followed by a discussion of their limitations under non-steady (variable)
light wind conditions.

Figure 6 is a schematic illustration of the ABL evolution during a diurnal
cycle over high desert terrain. The principal ABL regions are depicted as
they evolve in space and time. Wavy lines at region boundaries represent
fluctuations in boundary heights due to perturbations such as gravity waves
and convection. The principal ABL scaling variables (defined later in this
section) are shown in brackets. The dashed and dotted lines denote boundaries
between stable, unstable, and free convection zones. The depth and duration
of the various regions and layers depicted in Figure 6 vary with factors such
as heat flux, surface roughness, and the pressure-driven velocity field.

The state of the ABL is too complex and poorly understood to be derived
from first principles. Consequently, current ABL theory is based on empirical
relationships and Reynolds approximations to the Navier-Stokes equations that
allow the use of certain similarity theory "scaling variables" to describe
salient characteristics of the ABL. Pertinent scaling variables can be formed
into dimensionless parameters that merge scattered data into "self-similar"
forms (universal curves, functions, or constants) that depict ABL attributes.
The principal scaling variables and dimensionless parameters for the outer
region, inertial sublayer, and wall region are described below using the usual
micrometeorological Cartesian convention in which downwind and crosswind
direction distances are represented respectively by x and y, with z depicting
height above ground level. Wind velocity components in the alongwind,
crosswind, and vertical directions are represented by u, v, and w, respective-

ly.
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Figure 6. Schematic illustration of ABL evolution during a diurnal cycle
over high desert terrain. The principal ABL scaling variables
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between stable, unstable, and free convection zones.
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Boundary layer theory is developed under the following assumptions: (1)
flow can be represented as a 2-dimensional velocity field with a uniform mean
vertical gradient; (2) velocity, temperature, and pressure fluctuations are
statistically homogeneous; (3) all statistical quantities for meteorological
variables are stationary with respect to time; and (4) viscous dissipation
outside the wall region is small. The stationarity assumption, wherein all of
the /0t terms of the following equations are zero, is particularly problemat-
ic in a boundary layer characterized by constant change. Given these assump-
tions and neglecting terms higher than second order, simplified Reynolds

approximations for turbulent shear stress (-u’w)) and vertical heat flux
(WT) budgets are given respectively by (Garratt, 1992)

duW/at = -whou/dz - duw"/dz + (g/T)TT - p (WP /ez + wabjaxy  (3-1)

and

w'T/dt = -w"d8/dz - dwPT/dz + (g/TVT" - p-i(T0P/3z2) (3-2)

where 6 is the potential temperature, g is gravitational acceleration, T is
absolute temperature, [1] is a shear (du/dz) or stratification (06/dz)
production term, [2] is the vertical turbulent flux divergence of uw or w7,
[3] represents buoyancy production (conversion of turbulent kinetic energy to
turbulent potential energy), and [4] is a pressure interaction term which
tends to dissipate shear stress and heat flux. Overbars and primes denote
time averages and departures therefrom, respectively. Applying similar
treatment to the three velocity variance components produces the turbulent

kinetic energy g2 = (u”? + v2 + w?) /2. The resulting conservation equation is

8q*/dt = -ulwldu/dz + (g/T)WT - d(Wq + wh/p) /dz - € (3-3)

where [1] represents shear production, [2] depicts buoyant production or
dissipation, [3] consists of vertical turbulent energy transport and pressure-
velocity correlation terms, and [4] is the turbulent kinetic energy dissipa-
tion term ¢. Most scaling variables and parameters used to describe the state
of the ABL relate to the production, flux divergence, and buoyancy terms of
Equations (3-1) through (3-3).

3.2 THE OUTER REGION

The outer region is the upper portion of the ABL. Its top extends from a
few tens of meters AGL during quiescent nocturnal conditions to several
kilometers AGL during strong convection. Horizontal winds in the outer region
respond principally to the interaction of pressure gradient and Coriolis
forces, with the surface influence mainly expressed as convection initiated by
surface heating. Exchange between the outer region and other regions within
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the ABL continues so long as convection is sufficiently vigorous to distribute
heat, momentum, and other dispersing scz.ar quantities between the surface and
the top of the mixed layer. The top of :"e mixed layer z; is usually defined
by a capping inversion. The presence o: .onvective mixing is the principal
feature that distinguishes the outer region from the free atmosphere above it.
Wind velocity profiles within the outer region are independent of surface-

based wind shear.

The outer region expands during the day as the heat flux H from the
earth’s surface produces convective motions that raise the capping inversion.
The sign and magnitude of H is related to the vertical velocity-temperature

covariance w'T' by
(3-4)

where p is atmospheric density and C, is the specific heat of air at constant
pressure. A positive WT’ indicates an upward flux of heat from the surface.
When a sufficient positive heat flux is present to maintain convection, the
outer region becomes a convection-dominated "mixed layer." Mixed layer
similarity relationships, which have fairly uniform vertical velocity variance
profiles and minimal surface drag effects, predominate between about 0.1z, and

0.8z;.

Heat flux and z; are the most important scaling variables for the ABL outer
region. They can be combined to form the convective velocity scale

pC,T

/
w, = [gziﬁ]l * (3-5)
P

which characterizes the mixed layer state of the outer region. The convective
velocity scale is typically zero at sunrise, increases rapidly to a mid-
afternoon maximum between 1.5 and 3.0 m/s, and decreases toward zero in the
evening (Stull, 1988, Figure 4.1). The significance of w, is its relevance to
the scaling of outer region velocity variables. For example, the vertical
velocity variance w° is a measure of the vigor with which vertical mixing
occurs within the ABL. Although direct measurements of w in the outer
region are rarely available, the convective contributions to w” normalized by
w.? fall onto a universal curve of height z normalized by z; according to the

expression (Stull, 1988)

/3
Z’: =1.8 (-—z-)z [1 - o.s(—f) ]2 : (3-6)

Thus, if z; and T are known, Equatign (3-6) provides an analytical expres-
sion for the vertical variation of w° in the convective ABL.
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When the ratio of the mean wind speed U to the convective velocity scale w.
falls within the range 2<U/w.<10, dispersion within the upper regions of the
ABL can be parameterized using mixed-layer scaling. The time scale for large
convective eddies is z;/w., and the "travel time" for dispersing material is
rendered dimensionless through multiplication by w./z;. For long range
dispersion, downwind travel distance x from a dissemination position scales
with the product of w./z; and x/U, forming a dimensionless downwind distance
(Deardorff, 1985)

Xw
= d 3-7
X e 3-7

i

When plotted against X, plume dispersion within the convective ABL exhibits
consistent universal behaviors. For example, laboratory and field studies
(Kaimal et al., 1986) indicate that the centroid of dispersing material
released at the surface into a convective ABL tends to rise within X < 1.0 of
the release point, reaching a height of 0.8z/z; between 1.0 < X < 2.0. It
then gradually descends toward 0.5 z/z;, at X > 3.0, becoming well mixed at
greater downwind distances.

In the absence of convection, the boundary layer depth is sustained only
by mechanical turbulence generated by flow over roughness elements. As
surface heating and convection subside in the evening, the outer region
collapses into layers isolated from each other by temperature inversions. The
nocturnal mixing height is within the lowest of these inversions. Shear
layers develop when turbulent mixing becomes weak. Above the nocturnal mixing
height, the atmosphere slumps into a "residual layer" (Stull, 1988) character-
ized by multiple shear zones and inversions which sandwich layers of air that
are decoupled from the surface, each other, and the free atmosphere above
them. Local similarity (Wyngaard, 1973) is dominant within each residual
layer. Diffusing material released within one of these layers can travel a
considerable distance without mixing into the layer above or below it.

3.3 THE INERTIAL SUBLAYER

Between the convection-dominated mixed layer and the viscosity-dominated
wall region lies the inertial sublayer. This layer, also known as the surface
layer or the constant flux layer, is typically a few meters to a few tens of
meters in depth. The inertial sublayer depth is the closest analog to the
thickness of a laboratory boundary layer because it is the depth through which
surface-generated shear forces affect flow within the ABL.

The inertial sublayer is so named because it supports an inertial sub-
range, a band of turbulent eddy scales ranging from the integral scale A; to
the Taylor microscale A;. The inertial subrange includes eddy scales small
enough to decay isotropically, distributing energy evenly in all dimensions,
but large enough to be unaffected by viscosity. Consequently, inertial
subrange eddy motions are the same order of magnitude in all directions.

The integral scale defines eddies on the large end of the inertial
subrange. These eddies, with a characteristic length of tens to hundreds of
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meters, extract kinetic energy from the mean flow. They contain the greatest
turbulent kinetic energy and are believed to be primarily responsible for the
turbulent mixing of diffusing material. The breakup of integral scale-sized
eddies initiates a transfer of turbulent energy down the range of eddy scales
until they are dissipated in molecular motions as heat.

Integral scale length depends on factors such as distance from the surface
and atmospheric stability. A first approximation of A; is given by Prandtl's
hypothesized characteristic eddy length scale of kz (Schlicting, 1979), where
k is the von Karman constant (0.4 +0.02) and z is height AGL. The largest
integral scales are associated with convective eddies in the upper part of the

inertial sublayer.

Near the lower end of the inertial subrange lies the Taylor microscale,
where eddies are small enough (on the order of centimeters) to be affected by
viscosity. The Taylor microscale is defined in terms of q?, £, and kinematic

viscosity v as

Ap = (va?/e)i2 . (3-8)

A continuous cascade of energy occurs between \; and A, as large eddies break
up and distribute their energy isotropically over progressively smaller
scales. Scales smaller than A, form a gradual transition from the inertial
subrange to the dissipation subrange, where viscous effects predominate and
the destruction of concentration gradients by molecular diffusion occurs.
Similarity arguments work well in the inertial sublayer when a stationary
inertial subrange extends between the integral scale and Taylor microscale.

The inertial sublayer is most often characterized using Monin-Obukhov
similarity theory, which assumes that the average values of buoyancy and the
fluxes of heat and momentum are constant. The principal Monin-Obukhov
variables are the heat flux H, roughness length z,, friction velocity u.,
height z, and ratio of gravitational acceleration to absolute temperature g/T.
The effects of surface roughness are parameterized by z,. Roughness length
accounts for the effects of surface texture and roughness element spacing on
the inertial sublayer wind profile. The friction velocity, which is the
square root of the vertical momentum flux

u, = V7w, (3-9)

is the most important Monin-Obukhov velocity scale.

The Obukhov length L, formed from the ratio of the buoyancy and shear-
driven contributions to turbulent kinetic energy (terms [1l] and [2] in
Equation (3-3)), is the principal Monin-Obukhov length scale. The ratio of z

to L forms the nondimensional stability parameter

The magnitude of z/L is determined primarily by the ratio of heat and momentum
fluxes, while heat flux determines the sign of z/L.
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Monin-Obukhov similarity theory describes inertial sublayer mean flow
properties as functions only of z/L. For -z/L <1, inertial sublayer velocity
fluctuations are on the order of u. (typically 0.1 to 1.0 m/s) and the wind
velocity increases linearly with the logarithm of height normalized by z,.
The normalized wind speed profile is expressed as

PREIEIESIE

where ¥, is a z/L-dependent diabatic influence function. Equation (3-11)
remains valid through the inertial sublayer and into the wall region until the
flow is severely distorted by near-surface viscous effects.

Another useful Monin-Obukhov relationship is the ratio of the vertical
velocity standard deviation ¢, to u.. The average o, normalized by u. is
nearly constant, exhibiting a weak z/L dependence that becomes important only
in the presence of strong convection. The normalized mean o, profile is given

by

%! =1.3 + f(z/L) . (3-12)

It must be emphasized that Equation (3-12) represents an average condition and
that any single realization of the o,/u. ratio can exhibit a deviation of +50
percent or more due primarily to the inherent temporal variability of —u'w.

An analysis performed by Wyngaard (1973) concludes that -u’w requires samp-

ling periods 10 to 100 times longer than those for the vertical velocity
variance to achieve comparable levels of statistical stability. Consequently,
Equation (3-12) is an attractive alternative to the eddy correlation method

for the calculation of u..

The dimensionless ratio of height (either z or z;) to L is widely used as a
measure of the state of the ABL and its capacity for dispersion. When heat
flux is weak, L increases towards infinity and the atmosphere approaches an
adiabatic stratification in which there is no net gain or loss in buoyancy as
air parcels rise or sink. Motions in an adiabatic ABL are shear-driven, being
neither enhanced by convection nor suppressed by density stratification.
Turbulent energy in an adiabatic atmosphere is extracted from large scale
motions during flow over roughness elements. Diabatic conditions exist when
the heat flux is nonzero; the magnitude of L decreases in proportion to the
magnitude of H. Upward heat flux produces a negative L associated with
convection-enhanced dispersion. Downward-directed heat flux produces a
positive L with damped (negatively-buoyant) turbulent motions and suppressed
vertical dispersion. Wyngaard and Cote’ (1971) suggest that the removal of
energy by damping in the stable surface layer is locally compensated by
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turbulent energy generated near the surface and imported into the inertial
sublayer by the turbulence transport term [3] in Equation (3-3). Conversely,
the turbulence transport term transports energy toward the surface during

convection.

A positive (upward) heat flux in the inertial sublayer quickly grows
through the outer layer, simultaneously diminishing -L and increasing z;.
Deardorff (1972) defines a -z;/L of 4.5 as the point of transition between a
shear-driven ABL and a convection-driven one in which an outer region mixed
layer overlies a convectively unstable inertial sublayer. When the heat flux
is sufficiently strong to diminish z/L to -1, u’ and w' become decorrelated
and u., vanishes in free convection. Dispersing material released into free
convection typically detaches quickly from the surface and diffuses aloft in
vigorous mixing. A free convection velocity scale w;, analogous to the mixed
layer convective velocity scale w., is the pertinent velocity scale in an
inertial sublayer dominated by free convection. Holtslag and Nieuwstadt

(1986) define w; as

1/3
W = | 9zH (3-13)
I Yoy

Turbulent motions originating in the free convection layer blend seamlessly
into the mixed layer above it.

Parameters independent of Monin-Obukhov similarity also describe the state
of the inertial sublayer. These parameters are typically formed from ratios
of fluxes, velocity and temperature variances (0,2, ¢,%, 0,?), and gradients of
velocity (4u/dz) and potential temperature (86/8z). The most important of
these non-similarity parameters include the Flux Richardson number, eddy
viscosity, turbulent thermal diffusivity, and velocity and temperature
correlation terms. The Flux Richardson Number R,, the ratio of turbulent
energy production by density variations to turbulent energy production by mean
shear, is given by (Tavoularis and Corrsin, 1981)

RF_(Q) _wr (3-14)
Tl “uw'ou/dz

The turbulent or eddy viscosity, which represents the strength of turbulent
diffusion by inertial subrange-scale eddies, is given by

—u'w (3-15)

The most significant terms from the thermal diffusivity tensor are D,, and D,,,
which represent the important horizontal and vertical components of turbulent

thermal diffusivity. These are given by
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-u’®’ (3-16a)

Dz db/dz
_ _-we’ (3-16b)
D2 = add/dz *

The velocity and temperature correlation terms, which describe the efficiency
with which the vertical exchanges of heat and momentum take place, are

W’

- (3-17a)
CWT ow oT

c - _uwW (3-17b)
uw ou aw

Cp= 2L, (3-17¢)
0,07

Neither Monin-Obukhov similarity theory nor the alternative parameteriza-
tions work well outside a limited range of conditions. In particular, the
strongly stable ABL lacks a fully developed inertial subrange link between
large-scale energetic motions and the Taylor microscale A,. Thus, the cascade
of energy down the eddy scale range is interrupted in the strongly stable ABL.
A critical flux Richardson number defines the conditions under which negative
buoyancy is sufficient to break the inertial subrange link. When R, > 0.2
there is insufficient turbulence to maintain a continuous transfer of heat and
momentum, and the ABL separates into strata isolated from each other by shear
zones and inversions. As this occurs, z ceases to be a relevant scaling
variable and a state of "z-less stratification" (Wyngaard, 1973) arises. This
condition, with vertical mixing confined to sporadic turbulence bursts,
prevails near the surface during nights with light and variable winds. In
quiescent periods between turbulence bursts, diffusing material released into
a strongly stable layer can slump to the surface if it is sufficiently dense,
or persist at high concentrations confined within the layer into which it is

released.

While similarity theory descriptions of the strongly stable ABL have long
been recognized as problematic, it is increasingly evident that Monin-Obukhov
similarity theory assumptions are also violated during periods with the non-
steady conditions associated with light winds regardless of stability. Light
winds produce great uncertainty in flux computations. For example, Biltoft
(1993) encountered near-zero or counter-gradient momentum fluxes near the
surface during the sunrise transition and into the initial development of
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convection. When uw is zero or positive, u. cannot be computed. The
problems in using eddy correlation measurements of uWw to estimate u. were
first recognized by Busch and Panofsky (1968). They consider eddy correlation
determinations of u’w to be unreliable when u. is less than 0.32 m/s, a value
that is rarely reached with light winds. A basic problem with both W and

wT is that they are the algebraic sums of positive and negative contribu-

tions which, in many circumstances, substantially cancel. Thus, these fluxes .
can be small compared to their uncertainties or to the magnitudes of natural
variations arising from the lack of homogeneity and stationarity. Because the
magnitude and sign of L are largely determined by the ratio of u.® to W7,
uncertainties in the computation or estimation of those variables translate
directly into uncertainties in L.

The familiar ABL parameterizations not associated with Monin-Obukhov
similarity theory are also of limited use during periods with non-steady
conditions. For example, velocity gradients in a real ABL can diminish to
zero and change sign, rendering the ABL parameterizations that contain them
mathematically intractible. Wind azimuth and elevation angle standard
deviations or variances and wind velocity component variances frequently are
used as direct measures of ABL turbulence. However, because these variances
are subject to trends and meander, it is possible to obtain a variance of
equivalent magnitude from measurements made during periods of low wind speed
with high meander and measurements made during periods of high wind speed and
high turbulence even though dispersion under these two regimes will be very
different. Without resorting to spectrum analysis, it is not possible to
determine how much each eddy scale within the flow contributes to the total
variance. Likewise, a very large temperature variance can be measured when a
steep trend or abrupt temperature change occurs, even when there is little
eddy thermal exchange. Filtering can limit trend and meander contributions to
the variance, but the results vary as a function of the technique chosen and
filter length. Of all the variances, 9,2 is the most reliable turbulence
indicator because it is relatively free of trends and large-scale meander.
Also, the surface-layer similarity relationship between ¢, and the rate of
vertical dispersion from surface or near-surface sources is well established
(see, for example, Briggs, 1988; Venkatram, 1988). However, vertical velocity
measurements require specialized instruments that are not widely available,
and vertical motions cannot be unambiguously defined in uneven or sloping

terrain.

The shortcomings of the existing inertial sublayer scaling variables and
their derived parameterizations suggest a need for more robust alternatives.
Section 5 of this report includes a detailed examination of turblence case
studies obtained during light winds and proposes alternative methods for
parameterizing near-surface stability and turbulence effects on diffusion.

3.4 THE WALL REGION

A transition to the wall region begins at the bottom of the inertial
sublayer. The wall region is composed of a buffer sublayer and a viscous or .
interfacial layer immediately adjacent to the surface. Wind profiles remain
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logarithmic with respect to height into the buffer sublayer, but the vertical
dimensions of turbulent eddies become constrained by the proximity of the
surface and are typically smaller than eddy horizontal dimensions. Also, the
effects of individual roughness elements are felt within the buffer sublayer,
creating very inhomogeneous turbulent flow. The roughness length z, typically
lies within the buffer sublayer and is its principal length scale. Garratt
(1994) observes that the transition into the wall region typically begins when
z < 100z,, reaching the lower limit of the logarithmic wind profile at
approximately 10z,.

The transition from the inertial subregion to the buffer sublayer requires
a change in scaling variables as viscosity effects become dominant while z,
and g/T cease to be relevant. Because little information exists on wall
region diabatic effects, the relevance of the heat flux as a scaling variable
remains largely unknown. The composition of stress also changes from Reynolds
stress (w.) to surface shear stress (u,), the product of the velocity gradient
with the dynamic viscosity coefficient, due to the increased contribution from
viscosity. The w./u, ratio approaches unity when going from the inertial
sublayer through the buffer sublayer as the contributions to u, from viscous
stress compensate for the loss of Reynolds stress near the surface. Long and
Chen (1981) suggest the existence of a u.,/u, maximum at a distance from the
surface proportional to the square root of the Reynolds number, placing it
near the boundary between the buffer sublayer and the inertial sublayer in
atmospheric flows. Although the existence of such a maximum is not yet
rigorously confirmed, its distance from the surface could become an important
length scale. Dimensional quantities measured within the wall region are
typically rendered nondimensional (inner-normalized) using u, and/or viscosity
v. The vertical distance from the surface can be represented by the non-
dimensional height

z* = zu /v . (3-18)

Using inner normalization, the buffer sublayer lies within 5 < z* < n, where n
ranges from 50 to 100. The viscous sublayer (z* < 5) forms the interface with
the surface.

The viscosity of air v at 20 °C is 0.000015 m?/s, which is four or five
orders of magnitude smaller than the typical eddy viscosity v, in the inertial
sublayer. Therefore, viscosity effects on inertial subrange-scale eddies are
usually ignored outside the wall region. Garratt (1992) remarks that v,/v is,
like the Reynolds number, a ratio of inertial to viscous forces operating
within the ABL. However, strong gradients within the wall region greatly
diminish v, as v becomes dominant. Thus, the inertial subrange terminates at
the Taylor microscale (on the order of 0.1 m) in the buffer sublayer. The
dominant eddies in the viscous sublayer are on the order of the Kolmogorov

scale (0.001 m).
The buffer sublayer is close enough to the surface that flow within it

experiences strong surface roughness effects, but far enough from the surface
that it does not experience severe viscous retardation. Therefore, the
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generation of the small scale turbulence responsible for the rapid breakdown
of concentration gradients reachss its maximum in the buffer sublayer.

The viscous sublayer lies immadiately above the surface. Logarithmic mean
wind profiling fails in the viscous sublayer because of the effects of
viscosity and the presence of extreme gradients above an impermeable surface.
Motion in the viscous sublayer only occurs when the momentum is sufficient to
overcome the resistance threshold of retarding viscous forces. Thus, the most
prevalent motions within the viscous sublayer tend to be intermittent bursts

aligned along the axial velocity.

A primary consideration for near-wall flow is whether the wall is aerody-
namically rough or smooth. The aerodynamic nature of the surface is deter-
mined by surface roughness, as represented by texture or grain size (h,) in a
ratio with the surface shear stress u, and viscosity v. If wh,/v > 75, which
is the usual case along the ground surface, the flow is aerodynamically rough
with turbulence penetrating to the surface (Garratt, 1992). In this case,
both small scale eddy motions and molecular diffusion play major roles in
surface-to-air heat and momentum exchanges, driving processes such as deposi-
tion and evaporation. The Tower Grid site is aerodynamically rough, but the
Salt Flats site with a grain size of 1 mm or less is aerodynamically smooth
(u,h,/v < 5) under most conditions.

Models of the wall region (for example, Falco, 1991) are based on studies
performed using fast-response hot-wire anemometers in shear-driven wind tunnel
flows (see, Willmarth and Lu, 1972). The primary mechanism for energy
exchange is the turbulent "burst" in which "streaks" of low-speed fluid near
the surface are violently "ejected" into the lower part of the buffer layer,
to be displaced by downward "sweeps" of higher momentum fluid. The downward
moving fluid diverges into "pockets" upon contact with the surface. Pocket
formation forces the surrounding low-momentum air to converge and stretch into
thin, elongated "streaks" with vertical acceleration, re-initiating the
ejection process. Reynolds stress formation occurs along the upstream
boundaries of the ejected low speed fluid packets as they enter the buffer
sublayer, mix with higher speed fluid, and turn into the direction of the mean
flow. Falco (1991) also states that the sweep/ejection process is responsible
for a majority of the mechanical turbulent kinetic energy production within

the wall region.

The momentum deficit thickness Reynolds number R, describes the ratio of
inertial forces contributing to turbulent motions within the ABL to retarding

viscous forces. This Reynolds number is given by

Ry = Uhy/v , (3-19)

where U, is the free-stream velocity at the top of the surface layer and h, is
the momentum deficit thickness. Momentum deficit thickness is an "equivalent
zero velocity distance" used as an indicator of the amount of momentum lost
with respect to the free stream velocity due to the presence of the boundary
layer. The momentum deficit thickness is roughly equal to one-tenth of the
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shear-driven boundary layer thickness (Klewicki et al., 1995). Using this
approximation, R, for the surface layer is on the order of 10%.
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SECTION 4. WALL REGION STUDIES

4.1 TEST SITE DESCRIPTION

A series of preliminary near-surface flow studies were performed by a
University Consortium (principally members of the University of Utah, Univer-
sity of Maryland, and Michigan State University Mechanical Engineering
Departments) at DPG's Surface Layer and Environmental Sciences Test (SLTEST)
site, which is 1300 m west of Photo Pad 11 and 30 m north of Goodyear Road
(see Figure 1). This site on the bottom of a dry lake bed was selected for
surface layer studies because of its flat, undisturbed, vegetation-free
surface and an upwind fetch that is unobstructed by wake-generating obstacles
for many tens of kilometers. Flow over the dry lake bed is nearly homoge-
neous, and the absence of wake-generating obstacles upwind of the SLTEST site
minimizes terrain-induced meander experienced at more complex sites. Composed
of a sand/clay/salt mixture capped by a thin salt crust, the lake bed surface
has a roughness length z, of less than 0.001 m and is relatively free of
micrometer-size dust particles which can impinge upon and alter the calibra-
tion of micrometer-scale hot-wire probes. A rise of 1 m over a distance of 10
km to the south also produces a negligible (1/10000) slope, thereby minimizing
localized gravity-driven flows.

In addition to a low slope angle, minimal roughness, and steady winds, the
SLTEST site is characterized by large R,, estimated by Metzger and Klewicki
(1996) to be on the order of several million. An R, of this magnitude is
representative of flows within the ABL. The large R, is principally a conse-
quence of the large h, (on the order of tens of meters), which is several
orders of magnitude greater than the centimeter-scale boundary layers generat-
ed within typical engineering wind tunnels. Because of its smooth surface and
unobstructed flow, the SLTEST site is an open air equivalent of a large wind
tunnel where high R, flows of geophysical interest can be measured without the
need for extremely high velocities or resorting to other unrealistic flow

scaling criteria.
4.2 SLTEST STUDIES

The University Consortium conducted measurement campaigns at the SLTEST
site on 24-26 May and 8 August 1994 and on 21 July-9 August and 13 September
1995. Five distinct sets of experiments were conducted during these cam-
paigns: (1) viscous sublayer velocity and pressure measurements, (2) axial
and vertical velocity profile and gradient measurements within the near-wall
region, (3) velocity and pressure measurements around a cube, (4) flow
visualization of coherent structures within the viscous sublayer, and (5)
studies of near-surface turbulence generation and dissipation.

The hot-wire sensors were copper-plated tungsten wires with a total
length of 3 mm and an unplated "active region" of 5-um diameter and 1-mm
length maintained at a constant overheat ratio set between 1.3 to 1.7. Each
probe consisted of one or more wires, with multi-wire probes designed to
sample multiple velocity components and/or velocity gradients and vorticity.
When velocity profiles were needed, the hot-wire probes were mounted on stands
in "rakes" at heights ranging from 0.5 mm to 2.0 m AGL. The hot-wire systems
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were operated at sampling rates varying between 500 and 10,000 Hz for trial
durations of 2 to 20 min. Klewicki et al. (1995) and Folz {1997) provide a
more detailed discussion of the instrumentation and data collection. On-site
hot-wire calibrations were performed immediately before and after each trial
using a pitot-static tube velocity standard and differential pressure trans-
ducer housed in a portable planar jet facility. The planar jet facility was
built by the University of Utah Department of Mechanical Engineering specifi-
cally for operational use in the open atmosphere.

The flow visualization measurement station, which is shown in plan view in
Figure 7, consisted of a polyethylene slab (1.3 x 2.0 x 0.025 m) mounted flush
with the salt flat surface. The slab contained an injection slit through
which theatrical fog can be disseminated to form a uniform curtain immediately
above the slab surface. A video camera recorded the behavior of this thin
smoke curtain while pressure measurements were taken with Larson-Davis Model
2250 0.25-in microphones embedded within the polyethylene slab. These micro-
phones respond to pressure fluctuations at frequencies in the range of 23 Hz
to 100 kHz. Thus, the flow visualization measurement station provides the
capability to characterize activity within the viscous sublayer.

mean flow direction

Vi

polyethylene [
platform — |

single wire probe
black __| ﬂ,,/ (@y=0.04")

contact paper

circular cover
%nling smoke resevoir)

hose to smoke
resevoir underneath
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smoke — |
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compressed
air source

pressurized
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Figure 7. Plan view schematic of the SLTEST site experimental setup, includ-
ing the polyethylene slab, smoke generation system, and stand sup-
porting the hot-wire probes and camera (from Klewicki, et al.,

1995) .
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4.3 WALL REGION TRIAL RESULTS

Direct axial velocity gradient and shear stress measurements were made by
aligning hot-wire probe arrays into the mean flow direction within the viscous
sublayer and buffer layer. The acquired data were compiled into statistical
summaries that included trial means, root-mean-square (rms) deviations about
the mean, skewness, and kurtosis. All results were presented as a function of
z*, and compared with previous results obtained in lower R, wind tunnel flows.

The inner-normalized mean axial velocity (u' = u/u,) within the viscous
sublayer was found to increase linearly with height, followed by a transition
to a logarithmic profile beginning at z* = 10 (see Figure 8). Also shown in
Figure 8 is a solid line representing Coles "law of the wall" for logarithmic
wind profiles in the buffer sublayer, which is given by (Murlis et al., 1982)
as

u* = ?u =5.61 1Inz* + f(Ry) (4-1)

where f(R,) is weakly dependent on the Reynolds number (5.0 according to
Klewicki and Falco, 1990). The data from this study (Folz, 1997; Metzger and
Klewicki, 1996) depart significantly from this velocity profile model, but are
in reasonable agreement with the dotted lines in Figure 8, which represent the
results presented by Blackwelder and Haritonidis (1983).

The rms velocity variations found within the viscous sublayer in this
study are virtually equivalent to those found in previous measurements, but
the buffer layer rms values (see Figure 8b), are nearly 33 percent larger than
those measured previously in lower R, flows. Likewise, the skewness and
kurtosis are proportionally larger, particularly within the viscous sublayer,
than previously measured (see Figures 8c and d). Klewicki et al. (1995)
postulate that the increased buffer layer rms velocity (u') may indicate an R,
dependence in inner-normalized axial velocity rms (u’'* = u'/u,) and/or im-
proved probe spatial resolution and surface shear stress definition. They
also suggest that the strong positive skewness in u’ is a consequence of the
no-slip condition existing at the surface.

Klewicki et al. (1995) describe how the ejection slit smoke curtain was
used to produce visual images of "streaks" and "pockets" forming within the
viscous sublayer flow. The smoke released in a continuous, uniform thin
curtain at the surface quickly converged into long, stretched filaments
(streaks) of low speed fluid bordered by U-shaped clear pockets of clear fluid
recently swept into the viscous sublayer from above. The video records were
analyzed for lateral (spanwise) streak spacing, pocket width, and time between
pocket events, with the streak spacing and pocket width normalized by u,/v and
time normalized by u,’/v. Their results support the proposition by Smith and:
Metzler (1983) that the normalized spanwise streak spacing is a universal
number = 100 and that the spanwise pocket scale (y* = yu,/v) is related to R,

by
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Figure 8. Vertical profiles of inner-normalized streamwise velocity statis-
tics: (a) mean velocity, with Coles law (solid line) and upper and
lower limits suggested by Blackwelder and Haritonidis (1983) (dotted
lines); (b) velocity rms, with open symbols denoting results from
Klewicki and Falco (1990); (c) skewness, with open symbols denoting
results from Klewicki (1989); (d) kurtosis, with open symbols denoting
results from Klewicki (1989) (from Metzger and Klewicki, 1996).

y*=Alog Ry + B, (4-2)

where A and B are constants.

Metzger and Klewicki (1996) obtained measurements of axial and vertical
velocities and velocity gradients within the buffer region and the lower
portion of the inertial sublayer using a six-element x-array probe. This
probe was positioned successively at 0.5, 1.0, 1.5, and 2.0 m AGL, with 10-min
time series collected at each level. The fast sampling rate provided suffi-
cient data to calculate the first four statistical moments of axial and
vertical velocity and their gradients. These measurements revealed several
wall region characteristies: (1) an increase in velocity variances with
increasing proximity to the surface, a result consistent with the Falco (1991)
and Willmarth and Lu (1972) models which describe increased g? generation near
the surface; (2) an axial velocity skewness increase with proximity to the
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surface, indicating a near-surface increase in intermittent large excursions
from the mean; (3) a decrease in vertical velocity skewness with proximity to
the surface, reaching a value near zero at 0.5 m; (4) a near-surface increase
in axial and vertical velocity gradients with proximity to the surface, with
even greater increases in the kurtosis of the velocity gradient; and (5) a

-u'w maximum at 0.5 m, suggesting a buffer sublayer origin for surface-
generated Reynolds stress. The increased near-surface vertical velocity
skewness and kurtosis are consistent with the presence of weak downward
"sweeps" spreading into elongated shear layers as downward motion is blocked
and interrupted by a smaller number of energetic upward-moving fluid "ejec-
tions." Also, the vertical flux of Reynolds stress is greatest at the lowest
measurement level, indicating a mean transport of turbulent energy away from
the surface. These preliminary results suggest to Klewicki et al. (1995) that
normalized stream-wise turbulence intensity and Reynolds stress profiles may
fall on universal curves depicting the characteristics of near-wall motions.
Further investigations will be required to verify this hypothesis.

In another SLTEST site experiment, Folz (1997) deployed arrays of up to 24
parallel straight hot-wire sensors and a modular 12-sensor probe designed for
direct velocity gradient tensor and shear measurements within the viscous
sublayer. His major findings include the stability and R, dependence of
several viscous sublayer flow and turbulence characteristics: (1) the
turbulence intensity and, to a lesser extent skewness, increase with R, and
instability, but kurtosis is relatively unaffected by these variables; (2) the
mean velocity profile is independent of R,, but the logarithmic profile slope
is stability-dependent; (3) the rms streamwise and vertical velocity gradients
are independent of R,, but the gradient kurtosis increases with Ry; (&)
turbulent kinetic energy production and dissipation rates and vorticity
production are independent of R,; (5) turbulent kinetic energy q* dissipation
is highly correlated with strong positive vertical and axial velocity gradi-
ents at high R,, but the vertical velocity contributes little to q? at low R,.

4.4 MEASUREMENTS AROUND ISOLATED CUBES

Metzger and Klewicki (1996) provide a detailed description of a series of
measurements made around a 0.25-m cube positioned on the salt flat surface at
the SLTEST site. They also discuss measurements made in the wake of the 2-m
cube while it was positioned on the ground near Tower Grid for the recircula-
tion region studies (refer to Section 2.2 for details of the Recirculation
Subtest trials). The purpose of the SLTEST 0.25-m cube experiment was to
explore whether the flow field around a surface-mounted cube is independent of
Ry, while the 2-m cube wake measurements were made to determine wake width for
the Recirculation Subtest trials. Figure 9 shows the coordinate system
adopted at both sites. The origin is at the center of the bottom cube face
with x representing downwind distance (into the wake), y representing spanwise
(crosswind) distance, and z representing vertical distance. All distances
were normalized by cube face length h, the characteristic dimension of the

cube.

The SLTEST cube trials included axial velocity and surface pressure
measurements designed to characterize surface pressure and axial velocity
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statistics in the proximity of the 0.25-m cube. Several sets of pressure time
series measurements were taken at normalized spanwise distances ranging from
0.75 to 2.0. The results show a turbulent kinetic energy gain of an order of
magnitude or more in the disturbed flow region, increasing with proximity to
the side of the cube. Metzger and Klewicki (1996) conclude that large flow
obstacles such as the cube enhance the high frequency content of the turbulent
boundary layer through the stretching and reorientation of vorticity. They
also note that the skewness of the pressure fluctuations very near the cube
(y/h = 0.75, or 6.25 cm spanwise from the cube surface) is positive due to
relatively infrequent energetic high pressure excursions, but becomes slightly
negative at y/h > 1 and remains so in the free atmosphere beyond this dis-

tance.

Axial velocity measurements were also made at five positions defined by
z/h = 0.125 and x/h = 0, with y/h ranging from 0.6 to 1.24. Metzger and
Klewicki (1996) report that the axial velocity fluctuation probability
distribution functions (PDFs) at y/h < 1.0 feature positive skewness and sharp
peaks, while at y/h = 1.0 the flow begins to relax back to that of the undis-
turbed boundary layer with a nearly Gaussian axial velocity PDF. Test results
suggest that the shape, stability, and structure of the horseshoe vortex which
wraps around the cube is Reynolds number dependent. Additional measurements
are required to verify this hypothesis.

Half-wake widths behind the 2-m cube were determined from measurements by
six single-element hot-wire probes positioned at z/h = 0.5 and x/h = 1.25, as
shown in Figure 9. The purpose of these measurements was to define the wake
width, which is defined by Hunt and Castro (1984) as the distance between
shear layer centers. The velocity profile shear layer center is located
midway between the maximum and minimum velocity positions where the rms axial
velocity peaks. A total of eight successful 10-min runs were accomplished
consisting of six with the front face of the cube oriented normal to the wind
(face-on) and two with the cube oriented 45° relative to the mean wind (cor-
ner-on). Because fine dust particles from the clay surface interfered with
the hot-wire measurements in the Tower Grid area, fewer wake width measure-
ments are available than were planned.

The hot-wire anemometer measurements in the wake of the 2-m cube were
analyzed for mean and rms axial velocity. Figure 10 shows the spanwise mean
and rms axial velocity profiles for the six face-on and two side-on cube
orientation trials. Metzger and Klewicki (1996) use normalized distance to
the peak rms axial velocity from run #6 and assume a symmetric flow to
estimate a cube wake width of y/h = 1.3 +0.1 for the face-on orientation,
which is consistent with results from earlier studies at low Reynolds numbers.
The side-on results (Figures 10c, 10d) were insufficient to draw definitive

conclusions.
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Figure 9.
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Plan view diagram of the 2-m cube in its face-on (solid line) and
side-on (dashed line) positions with respect to the mean wind, and
hot-wire probe positions. Hot-wires are positioned at a height
of 1 m AGL, a distance of 5h/4 downwind of the cube center,

and spanwise distances y/h of 0.5, 0.75, 1.0, 1.3, 1.7, and 2.0
(after Metzger and Klewicki, 1996).
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SECTION 5. PLUME PROFILES AND TURBULENCE EFFEGTS
5.1 NEAR SURFACE PLUME PROFILE CHARACTERISTICS

Vertical profiles of plume concentrations were obtained during the Plume
Profile and Turbulence Effects Subtest conducted from 21 July (Julian date JJJ
= 202) to 3 August 1995 (JJJ = 215) at the Tower Grid test site. Figure 11
illustrates the experimental configuration. Each trial began with the release
of a known quantity of a tracer gas (propylene) at distances ranging from 12.5
to 100 m upwind of a tower decorated with TIP-SJ2 photoionization detectors
(PIDs). The gas was released through a 5-cm diameter PVC pipe, producing a
continuous propylene plume for trial durations ranging from 16 to 35 min. Gas
release heights were at 0.05, 1.0, or 2.5 m, respectively representing
releases in the near-wall, lower, and mid regions of the inertial sublayer. A
triangular open-mesh galvanized metal 9-m tower with a dimension of 46 cm on
each side supported the detectors. The PIDs were mounted at heights ranging
from 0.25 to 9.0 m, with 0.5-m spacing from 0.5 to 3.0 m and 1-m spacing from
3.0 to 9.0 m. Trial summaries, with trial names defined by the two-digit
Julian date (JJ) and start times (nnnn in Mountain Daylight Time) are given in
Table 3. Detailed plume profile information is available in Appendix A.

TIPSJ2 PIDs have sufficiently fine temporal and spatial response to
resolve the details of a plume’s internal concentration time history. Each
PID contains an orifice, an illumination chamber with an ultraviolet lamp, a
set of electrically biased collector plates, a fan which draws air through the
detector, and supporting electronics. Air drawn through the detector is
illuminated by the ultraviolet lamp. Gases passing through the illumination
chamber that have ionization potentials of 10.6 electron-volts (eV) or less
(propylene’s ionization potential is 9.73 eV) are ionized, producing charged
particles. Electric currents generated as the charged particles impinge upon
plates biased with the opposite charge produce voltages. These voltages are
related through calibration curves to airborne gas concentrations. The TIPSJ2
frequency response is about 0.0037 s (6 dB fall-off at 270 Hz). The TIP-SJ2
output was logged at 4000 Hz using a fast sample-and-hold analog-to-digital
(A/D) converter with 16-bit resolution. Further details on the TIP-SJ2s, the
data collection system, and procedures used to generate propylene concentra-
tion statistics can be found in Yee et al. (1993).

The plume profile summaries in Table 3 contain the plume release height z,
plume centroid height z., height of the plume profile peak concentration 2z,
peak-to-mean concentration ratio P/M, and unconditional concentration fluctua-
tion intensity i. The plume centroid height is defined as the height of the
detector with the maximum mean concentration. The peak concentration C, at
each detector is the concentration exceeded 1 percent of the time, and P/M is
the ratio of the profile-maximum C, to the mean concentration at the plume
centroid. The unconditional fluctuation intensity i is the standard deviation
of the measured concentrations (zero concentrations included) at the plume
centroid divided by the mean plume centroid concentration.
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Figure 11. The propylene disseminator and tower-mounted sampling array (not
to scale).

An understanding of the physical mechanisms which cause changes in plume
centroid height is important for modeling near-surface dispersion because
model predictions are based on the premise that the plume centroid location is
known. In particular, z. and Z, are assumed to be consistent with z,, with
changes in centroid height accounted for by reflection arguments. Differences
between z,, z,, and z. attributable to physical mechanisms other than surface
reflection are apparent in the Table 3 data. In qualitative terms, the
centroids of plumes released above the surface into an adiabatic atmosphere
tend to descend toward the surface, while the centroids of plumes from surface
releases tend to rise. Also, 2z, is typically found above z.. The physical
mechanisms affecting the plume centroid height include initial conditions such
as plume momentum and buoyancy and "far field" effects such as flux divergence
and turbulence skewness.
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Biltoft (1995) analyzed the initial conditions for propylene released from
the dissemination system used in these trials. He concluded that the momentuum
effect is negligible, but that denmsity-driven slumping occurs during light
winds. The plume Richardson number, defined by Chatwin (1985) as

_ 2 -
R, = g'b/u (5-1)

where g’ is a density-weighted gravitational acceleration and b is a charac-
teristic cloud length, determines whether or not material released into the
atmosphere will slump toward the surface. Chatwin’'s criterion for a gravity-
dominated dense gas is R, >> 0.2; neutrally-buoyant behavior is expected for
R, << 0.2, and a transitional condition exists for R, on the order of 0.2.
Using these criteria, propylene typically exits the disseminator as a dense
gas, but entrainment of ambient air into the plume rapidly reduces R, below
the slumping threshold unless the release occurs during quiescent nocturnal
conditions (u. s 0.1 m/s). Under quiescent conditions, denser-than-air gases
such as propylene slump toward the surface and fan out in a shallow pool until
sufficient mixing occurs to overcome gravitational effects. Slumping likely
lowered the centroid heights for Trials P030545, P100550), P100705, P122325,
P132250, P132340, P140030, P142154, and P142245 of this series.

In addition to the initial conditions, the plume centroid position is
determined by characteristics of the turbulent wind field into which it is
released. Raupach (1983) considers the dispersion of a neutrally-buoyant
tracer into an idealized adiabatic turbulent flow and derives an analytic
expression for the mean tracer particle vertical drift velocity v as a
function of u.. This equation is

v(t) = bu,(1-e7%(1 + t)) , (5-2)

where b is a constant on the order of 0.4 and t is travel time non-dimensiona-
lized by the Lagrangian time scale. Thus, the vertical plume centroid
position is related to measureable ABL quantities such as u. and, through
Equation (3-12), to o,. Superimposed on this idealized relationship are non-
Gaussian effects such as skewed turbulence, which enhances plume centroid rise
during convection (see Wyngaard and Weil, 1991), and stable thermal
stratification, which suppresses plume centroid rise.

The plume centroid height also influences the magnitude of the concentra-
tion fluctuation intensity i and peak-to-mean ratio P/M. The fluctuation
intensities presented in Table 3 are those found at the plume centroid. These
are "total" or "unconditional" statistics, which include the zero concentra-
tions readings that occurred when the plume meandered away from the detector
array. Yee et al. (1993) suggest that i at the plume centroid can be repre-
sented as a power law function of downwind travel distance normalized by z,,
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i=26.6(x/z;)7°% ., (5-3

Implicit in Equation (5-3) is the assumption that the plume’s height above the
surface largely determines the intensity of small-scale turbulence acting on
the plume. For example, a plume released near the surface will be subjected
to more intense small scale mixing (reducing i) than a plume released above
the surface. However, measured fluctuation intensities exhibit considerable
scatter about the fluctuation intensities calculated using Equation (5-3).
The fluctuation intensity is often not well defined using the x/z, normaliza-
tion because the centroid of a plume released into the atmosphere does not
necessarily remain at the release height, and the plume is subjected to
decreased (or increased) internal mixing depending on whether the centroid
rises (or sinks). A considerable decrease in scatter was obtained with Equa-
tion (5-3) using an x/z. normalization, suggesting that the plume centroid
vertical position time history must be known to accurately estimate 1i.

The assumption that the plume peak concentration is found at the plume
centroid is frequently violated, particularly when z. originates near the
surface. The intensity of fine scale turbulence is at a maximum near the
surface (see Stull, 1988). Thus, the concentration gradients within the near-
surface portion of the plume are rapidly destroyed by intense mixing. This
mixing reduces both the concentration peaks and adjacent pockets of clear air,
while leaving the mean concentration relatively unchanged. Near surface
mixing operates on a timescale shorter than the timescale of the turbulent
fluxes that elevate the plume centroid. The result is that z, often remains
at or rises above z,, particularly when the plume centroid sinks toward the

surface.

In spite of its importance to dispersion modeling, only a rudimentary
understanding of near-surface plume profile behavior exists. While studies
like those performed by Raupach (1983) and Wyngaard and Weil (1991) provide
useful insights into plume centroid behavior, the development of a physically
valid plume centroid vertical displacement model will require improved
understanding of scalar variance vertical transport and its relationship to
quantities such as the fluxes of heat and momentum. Specifically, the
contributions of the velocity-concentration correlation and correlation
gradient terms in the scalar variance transport equation must be better
understood, which will require the development of instrumentation capable of
providing velocity-concentration correlation measurements.

5.2 NEAR SURFACE WIND AND TURBULENCE ANALYSES

The vertical array of PIDs at the Tower Grid test site was accompanied on
the 9-m tower by Applied Technologies, Inc. sonic anemometer/thermometers
(sonics), each consisting of an ultrasonic sensor array and an electronics
module. The sonic arrays were mounted with an orientation toward 240° with
respect to true North. Two-axis sonic arrays (Model RSWS-201/2A) were located
at the 1.5- and 6.0-m levels, and tri-axis sonics (Model RSWS-201/3A) were
located at the 3.0- and 9.0-m levels. The two-axis sonics provided measure-
ments of the horizontal wind components which were rotated into the mean
alongwind u and crosswind v components during data processing. The tri-axis
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sonics provided measurements of all three components of the wind vector (u, v,
and vertical w) which were subjected to an identical horizontal coordinate
rotation into the mean wind. All of the sonics also measured the speed of
sound, which was subsequently converted into sonic temperature (nearly
identical to virtual temperature). The sonic data collected at a rate of 10
Hz provided sufficient temporal and spatial resolution to characterize the
surface boundary layer turbulence in the vicinity of the tower. Statistical
summaries of the sonic data collected during dissemination periods are

presented in Appendix A.

Disseminations for the Plume Profile and Turbulence Effects Subtest were
planned for wind speeds ranging from 1 to 6 m/s and wind directions within
+60° of 180°. Most of the trials occurred with wind speed less than 3 m/s.

An attempt was made to select dissemination time periods when the wind
direction was steady, but abrupt changes in wind direction due to turbulence
bursts or terrain-induced meander often carried the plume away from the array.
Attempts were made during some trials to realign the source to increase plume
passage through the detector array, but most data sets contain large blocks of
zero concentrations due to persistent meander.

Table 4 gives the Plume Profile and Turbulence Effects Subtest trial
micrometeorological summaries. These summaries include wind and temperature
statistics, friction velocity, and the Obukhov length as a stability para-
meterization. Because none of the eddy correlation-derived friction veloci-
ties met the Busch and Panofsky (1968) quality criterion (u. > 0.32 m/s),
Equation (3-12) was used to estimate u.. Table 4 also provides u'T’ computed
from sonic measurements at the 1.5- and 6-m levels, and the Diabatic Ratio,
which was derived from covariance quadrant contributions to u/7 (discussed

below).

An interesting observation from this trials series is that, although
detailed meteorological measurements were made near the times of transition
through sunrise and sunset, conventional "neutral" stability was not observed.
Both the Obukhov length and Diabatic Ratio (defined later) indicate that,
during the transition from a very unstable to a very stable ABL, both stabili-
ties exist simultaneously within different layers. For example, measurements
from the 1.5- and 6.0-m levels during Trial P122325 (Table 4) indicate a very
stable layer within a few meters of the surface with an unstable layer
persisting above it well into the night. It appears that the nocturnal stable
layer develops near the surface and gradually progresses through successively
deeper ABL layers after sunset. Thus, transition in the desert ABL consists
of a superposition of diabatic layers rather than a true adiabatic ABL. The
extreme stability conditions indicated by the small Obukhov lengths calculated
for many of the trials are artifacts of very light winds, which produce near-

zero (and statistically unstable) fluxes.

Another characteristic of the Table 4 trial summaries is the extreme
stability conditions, as indicated by the small Obukhov lengths calculated for
many of the trials. These small Obukhov lengths are artifacts of the light
winds which produce small values of ¢, and u. which, when cubed, produce a
small L. The abrupt change between similarity-based stability extremes that
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occurs during the high desert boundary layer transition through sunrise and
sunset in light winds is not accompanied by comparable changes in turbulence
levels, and hence by extreme differences in the rate of diffusion. This
situation calls into question the adequacy of similarity-based boundary layer
representations, particularly at non-ideal sites and during non-steady
conditions where adequate vertical velocity measurements or reliable u.
estimates are unlikely to be available.

The limitations of similarity-based boundary layer representations suggest
a need for a more robust method for describing the turbulent state of the
atmosphere, particularly during non-ideal conditions. Desirable characteris-
tics for an improved stability and turbulence parameter include: (1) ease of
calculation in near real-time from near-surface measurements using a single
robust instrument, (2) sensitivity to changes in stability and turbulence
levels, (3) statistical stability during non-ideal conditions, and (4) a
mathematically tractible and physically meaningful scale range. In this
study, the search for a new stability parameterization focused on the o7
covariance term in the stress budget equation (see term [3] of Equation (3-1))
because indices based on velocity-temperature covariance measurements from a
two-axis sonic anemometer/thermometer appear to most nearly satisfy these

criteria.

The u'T’ covariance offers several practical advantages over the uww and

w'T' covariances as a turbulence indicator: (1) the absence of a vertical
velocity measurement requirement relieves the need for research-grade instru-
ment (such as a tri-axis sonic) and precise sensor leveling and alignment (for
a discussion of these effects, see Haugen and Kaimal, 1969); (2) measurements
made only in the horizontal plane can be obtained from two-axis sonic arrays
positioned close (within a meter, depending on z,) to the surface, while tri-
axis sonics should be mounted at higher levels; (3) U7 is statistically more
stable than u’w (a 10-min sampling period appears to provide a reasonable o7’
estimate); and (4) because u’ is usually larger than w', u'T is typically
larger than the u/w or WT obtained during the same sampling period.

The u'T’ covariance is typically considered a horizontal temperature flux
term (see, for example, Wyngaard et al., 1971), but its magnitude and sign
appear to vary with stability and with day-night transitions in ways that are
similar to the variations in wT. Also, except in the presence of dynamic
frontal boundaries, the horizontal temperature gradient does not support the
observed magnitude of u'T’ (i.e., horizontal temperature advection is usually
weak). Because vertical momentum and temperature gradients usually exceed
their horizontal gradients by several orders of magnitude, the fluctuating
velocity and temperature components that make the predominant contribution

to u'T most likely originate with vertical eddy exchanges. That is, the
vertical flux of the temperature-momentum covariance is likely to contribute
more than the horizontal temperature flux to the magnitude of uT’. The
remainder of this section examines the relationship of u'T" to non-steady
boundary layer processes using Fourier spectrum analysis and covariance
quadrant analysis.

42



Fourier spectrum analysis involves the conversion of time series data from
the time domain into the frequency domain. Fourier analysis is based on the
premise that any continuous time series can be represented by a finite number
of sinusoidal components summed over a finite frequency range. It offers the
advantage of describing the distribution of the variance or covariance of
time-varying quantities among the range of frequency scales that form the time
series. That is, Fourier analysis partitions energy by frequency rather than
by time. The Fourier transformation partitions power (change in a variable
per unit time) of a time series into harmonic frequency components. An
advantage offered by this power spectrum partition is that the power (or
turbulent energy) within one harmonic is independent of the amplitudes,
phases, and frequencies of other harmonics present within the time series.
Thus, spectrum analysis displays the distribution of turbulent energy content
within a time series as a function of turbulence scale. Additional informa-
tion on time series analysis for boundary layer phenomena is given by Stull
(1988) and Kaimal and Finnigan (1994).

Relationships between two time series can be evaluated by examination of
the complex products of their spectra such as the cross spectrum, phase, and
coherence. The cross spectrum includes the cospectrum (the in- or out-of-
phase portion of two spectral frequencies) and the quadrature (that portion of
the paired frequencies shifted by % wavelength, or 90°). The phase and
coherence provide the same information in a normalized polar coordinate
system, with the angular phase relationship defined by

Phase = ATAN2(quadrature/cospectra) (5-4)

where ATAN2 is an arctangent function expanded to the range -7 to . Phase
information is presented in degrees, with 0° indicating an in-phase and 180°
representing an out-of-phase relationship. The coefficient of coherence is a
measure of the correlation between two time series presented as a function of
frequency. It is given by

Coherence = (COS? + QUAD?)/(Spctrl)*(Spctr2), (5-5)

where Spctrl and Spctr2 are the spectral component magnitudes of time series 1
and 2 and COS and QUAD respectively denote the cospectrum and quadrature
spectrum. Kaimal and Gaynor (1983) describe the fast Fourier transform (FFT)
spectrum analysis program used to process the sonic 10-Hz u and T data. The
spectra produced by this FFT program are smoothed through block averaging,
tapered, scaled to meter-kilogram-second (mks) units, and normalized by
multiplying each harmonic component by its frequency. Fourier analysis

of uU'T" provides information on how the surface layer responds to the influx of
energy during a transition through sunrise, as shown in the Figure 12 and
summarized in Table 5. The details of Figure 12 and Table 5 are discussed as
part of the case study analysis in Section 5.3.
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Another technique applicable to w'T studies is covariance quadrant analy-
sis. The covariance of any quantities A and B, where A’ and B’ represent
fluctuations about the means Z and B, include positive (greater than the
mean) and negative (smaller than the mean) A' and B’ values. Thus, there are
four possible combinations of A’ and B’': (1) A’>0, B'>0; (2) A'>0, B'<0:; (3)
A'<0, B'<0; and (4) A'<0, B’'>0. If either A' or B' is near-zero, the contri-
bution of the A’B’ product to the flux is near-zero. Thus, the covariance can
be divided into four quadrants which contribute to the flux plus a fifth no-
flux region near the zero axes (see Figure 13). Because the velocity resolu-
tion threshold for ATI sonics is near 0.03 m/s, this threshold was defined as
the boundary of the no-flux region. As noted by Raupach (1981), the sum of
the covariance fraction contributions from all of the quadrants is the total
covariance. Covariance quadrants and the no-flux region for u'T are depicted

in Figure 13.

The similarities in the diurnal variations of u'7’ and W7 can be explained
by a simple model of the boundary layer. Consider a horizontally homogeneous
boundary layer in which discrete eddies move through a horizontal plane in
response to a Gaussian vertical velocity distribution with zero mean. Because
wind speed increases with height in this idealized boundary layer, eddies
descending from above the horizontal plane produce wind speed fluctuations u’
above the mean wind speed in the plane, while eddies rising from below produce
wind speed fluctuations below the mean wind speed. Thus, u'+ is associated
with a negative vertical velocity fluctuation w’'- and u’- is associated with a
positive vertical velocity fluctuation w’'+. Quadrant Ql (u’'+4, T'+4) and
quadrant Q3 (u'-,T’'-) eddies moving through the horizontal plane both make
positive contributions to uT. Following the reasoning given above, the signs
on the horizontal velocity fluctuations indicate that the Ql eddies are
associated with the downward flux of air that is warmer than the air at the
height of the horizontal plane and the Q3 eddies are associated with the
upward flux of cooler air. The stable thermal stratification implied by the
Ql and Q3 eddies suggests that they are driven by shear-induced turbulence
rather than convection. ‘Similar reasoning suggests that the Q2(u’+,T’-) and
Q4(u'-,T'+) eddies, which make negative contributions to w7, are respectively
associated with the downward flux of cooler air and upward flux of warmer air.
The unstable stratification implied by the Q2 and Q4 eddies is consistent with
convection.
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Figure 13. Covariance quadrant analysis categories for uT: (1) Ql: u’>0,

T'>0; (2) Q2: u'>0, T'<0; (3) Q3: u’'<0, T'<0; (4) Q4 : u'<0, T'>0;
and (5) the no-flux region where the departures of u’ or T' from
their means do not exceed :0.03 m/s or 0.03 °C, respectively.
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The simple boundary layer model discussed above leads to the hypothesis
that the magnitudes of the positive (Quadrants Ql and Q3) and negative
(Quadrants Q2 and Q4) contributions to the total T can be used to estimate

the relative contributions of shear-driven and convection-driven turbulence.
A new stability parameter, the "Diabatic Ratio," is then given by

DR = |Q2 + 04|/ (01 + 03) (5-6)

where Q1, Q2, Q3, and Q4 are the contributions from the four quadrants to
u'T’. (Note that the numerator of Equation (5-6) is the absolute value of the

sum of the quadrants with negative contributions to u7.) DR serves as a
simple stability indicator with DR<1 indicating shear-dominated turbulence and
DR>]1 indicating convection-dominated turbulence. If DR~l, neither shear nor
convection dominates, which is consistent with an adiabatic boundary layer.

The simple boundary layer model also suggests that the magnitude of the
UT contribution in each quadrant is directly proportional to the vertical
velocity fluctuations that move eddies through the horizontal measurement
plane. Thus, the "Total Diabatic Influence" given by

4
TDT = 2: | 01 | (5-7)
=1

should be proportional to the mean vertical velocity variance o¢,2. This
hypothesis was independently tested using 36 tri-axis sonic anemometer data
sets. Part of the data sets came from sonics mounted at 2.0 m AGL over salt
flats in the Great Salt Lake Desert (Biltoft, 1997) and part came from sonics
mounted at 4.0 m AGL in the San Joaquin Valley in California. Wind speeds on
the salt flats were light to moderate (2.1 to 8.4 m/s), while the San Joaquin
Valley winds were very light (0.6 to 1.6 m/s). Stabilities ranging from very
stable to very unstable were represented in this integrated data set. Trial
durations varied, but were typically 60 min or longer. No trend removal
filter was applied to these data. The linear correlation between TDI and the
measured 6.7 was 0.835, indicating that 70 percent of the vertical velocity

w

variance was explained by its relationship to TDI. This result is significant
based on an F test at the l-percent level. Section 5.3 below demonstrates the
utility of DR and TDI for characterizing stability and boundary layer turbu-

lence during non-steady conditions.

Several refinements to the DR and TDI are possible. The present method
gives equal weights to the contributions from all four quadrants without
consideration of the number of occurrences in each quadrant. Weighting each
covariance contribution by the percent of occurrences within that quadrant
could improve the relationship of TDI to o¢,2°. Also, the contribution from the
no-flux region has been ignored because its contribution to the flux is
minimal except during very light wind conditions. A proportionality constant
of 4 (i.e., 0,> =~ TDI/4) appears to apply in strongly diabatic boundary layers
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where transitions through neutral are rapid, but may not work well in situa-
tions where the atmosphere has had sufficient time to become well mixed, as in
the persistent cloudy conditions of Northern Europe. Further examination of
DR and TDI applicability as stability and turbulence indicators, including
covariance quadrant contributions to the Reynolds equations, is beyond the
scope of this report, but should be undertaken as follow-on tasks.

5.3 CASE STUDIES OF SUNRISE TRANSITION AND NOCTURNAL TURBULENCE INTERMITTENCY

A series of four trials on 22 July 1995 were selected for a case study
analysis of the transition through sunrise. This day was selected because it
is representative of a high desert sunrise transition from quiescent nocturnal
conditions with wind speeds on the order of 1 m/s to a period of strong
convection in light winds. Representative 10-min periods were selected from
sequential trials to document conditions during this transition. The 10-min
time blocks represent a compromise between the need for a sample that is
sufficiently long for second-order statistics to be statistically stable, but
sufficiently short to be free of trends and meander. The micrometeorological
summaries for each of these 10-min trial segments are given in Table 6.

The micrometeorological summaries (Table 6) of wind and temperature mea-
surements made within the first 2 m of the surface illustrate changes in the
wind and temperature fields during a morning sunrise transition. Temperature
readings were obtained from the fiberoptic-quartz thermometer with probes at
the surface and 2.0 m AGL. A 2-axis sonic provided horizontal wind component
and sonic temperature fluctuation measurements at 1.5 m, while a 3-axis sonic
supplied vertical velocity measurements at 3.0 m AGL. The mean wind speed
remained light, in the range of 1 to 2.5 m/s, with the wind direction from the
southwest for the entire transition period. The surface and 2.0-m tempera-
tures remained fairly constant prior to sunrise, and then increased rapidly
after 0709 MDT when direct sunlight first reached the ground surface on the
grid (sun on the grid is delayed by the shadow of Camel Back Ridge). The rate
of surface temperature increase initially lagged that of the air immediately
above the surface, possibly due to heat absorption by the cool underlying
surface acting as a thermal sink. By the last time period (0901 MDT), the
surface thermal lag had been overcome and the ground temperature had rapidly
increased to 33.5 °C. It remained 10 to 15 °C above that of the overlying air
for the remainder of the trial period.

The arrival of sunlight on the grid at 0709 MDT produced an immediate
increase in o,, 0,, 0., and u'T, but the DR for the 0700-0710 time period
remained at 0.08 due to a relatively weak contribution from the second and
third quadrant covariance terms. The weak contributions from these quadrants
indicates the absence of convection, even though the heating produced enough
energy to increase the general level of turbulence by a factor of two to
three. The onset of convection, as indicated by a sign change in uT" and an
increase in the DR to 2.22, had occurred by the 0750 MDT time period. Convec-
tion became well established between 0750 and 0901, with the DR contributions
from the second and third quadrants exceeding those of the first and fourth
quadrants by a factor of two.
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A detailed picture of turbulence development through the sunrise transi-
tion is available through analysis of the temperature-velocity cospectra
measured at 1.5 m AGL, as presented in Table 5. Thirty-minute time periods
beginning at 0645, 0743, and 0845 MDT were selected for spectrum analysis.

The 30-min periods were selected to obtain statistically stable samples. The
pre-sunrise period beginning at 0645 MDT featured positive velocity-tempera-
ture cospectra with phase angles in the range of 360+60° (indicating a strong
in-phase relationship between u’ and T' over most of the spectrum). A phase
change, with negative cospectra and phase angles shifted to 180+60° is shown
Table 5 for the 0743 MDT period. This out-of-phase relationship between u’
and T' (consistent with the increase in covariance Quadrants Q2 and Q3) is
characteristic of incipient convective layer development. Also evident from
the phase angle time sequence is that convective layer development begins at
the higher frequencies and gradually expands into the lower frequencies with a
transition through quadrature. This transition is apparent in the 0743 MDT
data set which contains a significant portion of low frequency spectral energy
in quadrature with phase angles of 090+60°. The transition stage is followed
by full convection represented by the 0845 MDT period, where phase angle
scatter has become more random, but remains centered in the southeast quad-
rant.

Comparable covariance and spectrum analyses performed at the 3- and 6-m
levels (not shown) reveal the sunrise transition beginning in the buffer
sublayer and progressively expanding upward through the boundary layer. The
0743 MDT time interval represents a mid-transition period, with the lowest 3 m
of the boundary layer experiencing the effects of convection while the layers
above remain stable. The result is a DR of 2.22 at 1.5 m and 0.46 at 6-m
during this time period, indicating a diabatic superposition (stable over
unstable). This suggests that stable and unstable regimes coexist within a
few meters of each other in a diabatic boundary layer undergoing sunrise
transition. 1In this scenario, a true adiabatic condition exists only momen-
tarily at the level within the ABL where the stability transition is occur-
ring; an adiabatic state is not representative of the entire ABL at any time
during the transition.

The effects of sunrise on vertical velocity spectra at 3-m AGL, as shown
in Figure 12, provide additional insights into a boundary layer in transition.
The 0545 MDT spectrum (A--A in Figure 12) is typical of nighttime conditions
with a distinct low energy "spectral gap" at frequencies below 0.1 Hz. The
increased energy present at sunrise (0645 MDT, B--B) is observed across all
spectral bands and is particularly pronounced in the spectral gap. The
greatest energy increase occurs within the hour after the sun reaches the grid
(0745, C--C). A familiar convective boundary layer spectrum with a fully
developed energy-containing region and inertial sublayer is present by 0845
MDT (D--D). An interesting feature of this sequence of spectrum plots is the
presence of a high frequency energy "overshoot" rather than an inertial
subrange in the 0745 MDT spectra. One hypothesis is that this high frequency
energy overshoot is a consequence of the restriction on convective motions by
the inversion "1lid." Just as a lid increases the intensity of boiling in a
pot, the inversion 1lid on a developing convective layer prevents convection
from achieving its full vertical development. The result is increased energy
available for convective mixing at the higher frequencies within the confines
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of the inversion 1id. This confined band of highly energetic turbulence
should enhance dispersion within the developing convective layer, producing a
well mixed plume within a shallow layer just above the surface. Therefore,
sunrise transition can produce transient episodes of very high concentrations
near the surface if the growing convective layer penetrates through stable
layers above the surface which contain a trapped plume.

In contrast to the sunrise transition, the turbulence burst is an inter-
mittent nocturnal event that occurs as a consequence of hydrodynamic instabil-
ity within a stably-stratified atmosphere. Businger (1973) offers the
following qualitative description of the process in which sporadic turbulence
events occur within an otherwise quiescent nocturnal boundary layer. When the
Flux Richardson number (Equation (3-14)) exceeds its critical value Ry >
0.2), turbulence is suppressed and laminar layers develop. This stratifica-
tion interrupts the downward flux of heat and momentum. Near the surface, the
winds become calm while winds aloft accelerate because their momentum is not
being dissipated toward the surface. The acceleration of wind accompanied by
weak heat flux eventually drives R, below its critical value, whereupon the
laminar layers burst into turbulence, creating a sudden exchange of heat and
momentum. Quiescent conditions return with the dissipation of this energy and

the process repeats itself.

Measurements at DPG during periods with light winds indicate that the
nocturnal boundary layer in a high desert environment is more complicated than
a series of stratified layers intermittently disturbed by turbulence bursts
tripped by a Ry switch. For example, the 20-min time series plots of wind
components and speed of sound shown in Figure 14 for Trial P142154 illustrate
a quiescent nocturnal light wind period followed by a turbulence burst. The
time series show a gradual decay in turbulence level for the first 10 min,
followed by a second 10-min period that begins with abrupt perturbations in
velocity components and the speed of sound. Statistical summaries for these
two successive 10-min time blocks (identified by Julian date and start times
2142205 and 2142215) are presented in Table 7. The turbulence burst is
characterized by large increases in the velocity component and temperature
variances. This event also caused the TDI to increase by a factor of 3, while
the DR remained small due to weak contributions from u7 Quadrants Q2 and Q3.
A high TDI combined with a low DR charcterizes this turbulence burst as an

energetic, shear-driven event.

The turbulence burst that occurred during Trial P142154 had a dramatic
effect on propylene gas concentrations measured on the 9-m tower sampling
array. High gas concentrations were measured at all tower levels between 2205
and 2215 MDT. The concentration signal abruptly disappeared as the turbulence
event began, with the subsequent appearance of only weak, intermittent
concentrations for the remainder of the trial. Concentration statistics for
Trial P142154 are based primarily on concentrations measurements prior to 2215
MDT. Insufficient concentration measurements were available beyond 2215 MDT
to evaluate the turbulence burst effects on the distribution of in-plume

concentrations.
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The velocity and concentration data taken during Trial P142154 are incon-
sistent with the intermittent nocturnal turbulence event model described by
Businger (1973). An Re-triggered turbulence event in a vertically stratified,
horizontally homogeneous atmosphere would have produced a well-mixed plume
concentration field at the tower beginning at 2215 MDT. The large horizontal
velocity component perturbations accompanying the disappearance of propylene
at the tower suggests a bulk horizontal and/or vertical displacement of the
plume rather than a uniform mixing event.

Figure 15 shows a second set of time series plots of wind components and
speed of sound for two consecutive 10-min time blocks which illustrate a
turbulence burst observed during Trial P150010. Table 7 also gives the
statistical summaries for time blocks 2150013 and 2150023. The initial
turbulence levels during Trial P150010 were much higher than those observed
during Trial P142154, and the stratification was not sufficient to reach the
critical R,. Nevertheless, a turbulence burst characterized by sudden wind
field perturbations and large changes in speed of sound occurred, as shown in
the second 10-min time block of Figure 15. This event triggered a DR increase
from 0.07, indicating virtually no contribution from convection-dominated
quadrants, to a value of 0.46. The turbulence level, as indicated by the TDI,
also increased by a factor of four. The Businger (1973) turbulence burst
model once again fails to fit the observed scenario.

An alternate explanation of the sporadic noturnal turbulence events
observed over the high desert is the collision between pools of air within the
nocturnal inversion layer. The high desert nocturnal boundary layer contains
shallow pools of air with varying densities that form over source regions with
non-uniform cooling characteristics. These pools drift downslope or are
advected by the synoptic flow and eventually collide with one another; the
distinguishing characteristics of these collisions are the abrupt temperature
and velocity component perturbations that occur during the lateral and
vertical displacements of the warmer pool by the cooler one. The principal
effect of these collisions on nocturnal dispersion is the bulk shearing and/or
displacement of any puff or plume material located at pool boundaries. Also,
the turbulence generated during collisons dissipates in an intermittent
cascade that temporarily accelerates in-plume diffusion.

5.4 TURBULENT MIXING AND CONCENTRATION PDFS

The effects of turbulent mixing on a diffusing cloud are conveniently
illustrated by PDF plots. A plot of an instantaneous point-source concentra-
tion PDF displays the salient time-independent attributes of the concentration
time series. PDF plots from measurements obtained under a range of meteoro-
logical conditions at several different positions within dispersing plumes
illustrate the height- and stability-dependent effects of turbulent dispersion
on the distribution of plume concentrations. Yee et al. (1994) discuss the
various shapes that PDF curves can take, depending on the exposure of a
dispersing plume to the different turbulence scales and intensities. For
example, exponential decay from a prominent peak at zero concentration and an
extended tail indicate a poorly-mixed plume exposed to weak small-scale
turbulence. Conversely, strong mixing produces a non-zero "shoulder" or
secondary peak around x/C of one (where x is the instantaneous concentration
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and C is the mean concentration), with a truncated tail due to elimination of
high internal plume concentrations. As dispersing material becomes thoroughly
mixed, the PDF assumes the shape of a Gaussian distribution centered on a x/C

of one.

The PDFs presented below were derived using a procedure described by Yee
et al. (1994). This procedure involves sorting the normalized concentrations,

x/C into histogram bins. Bin counts are then normalized by bin interval and ,
sample size. The result is a PDF of normalized concentration frequency f(x/C)

plotted against x/C, as in Figure 16. Each plot contains a set of PDFs from
TIP-SJ2 detector measurements made at the indicated heights (0.5 to 3.0 m
AGL). Unfortunately, the number of PDF plots available for analysis is small.
Four of the available plots plus accompanying wind and turbulence data are
discussed below as case studies.

The PDF plots presented in Figure 16 are from Trials P070435 (Figure 16a)
and P030745 (Figure 16b). Figure 16a shows an exponential decrease in
concentration at all levels, with the long "tails" of high concentrations
characteristic of a relatively unmixed plume. The tails are shortest at the
lowest level (0.5 m) and increase monotonically with height, reflecting the
effect of near-surface mixing, even though the measurements were made at a
short (25-m) travel distance from the source. Table 8 provides
micrometeorological summaries from two adjacent 10-min time blocks (2070437
and 2070447) within Trial P070435. Turbulence levels within these time
blocks, as indicated by the variances and TDI, are fairly typical for the high
desert nocturnal boundary layer. The Obukhov length (calculated using o,
rather than w.) and DR indicate stable nocturnal conditions with little change
from one time block to the other.

In contrast to Figure 16a, the PDFs obtained from concentration detectors
nearest the surface on Trial P030743 (Figure 16b) show a "shoulder" developing
in the concentration PDFs for the lower measurement levels. This shoulder has
a x/C secondary maximum in the range of 1 to 6, with rapidly diminishing
frequency at higher x/C. PDFs from detectors positioned at higher levels have
longer tails and lack the shoulder. This distribution of PDFs occurred during
diffusion over a distance of 50 m in a boundary layer in transition, with
surface heating inducing incipient convective turbulence at the lowest levels
and the higher levels remaining stable. The corresponding micrometeorological
summaries in Table 8 include a preconvection 10-min block (2030743) followed
by a 10-min block during which convection penetrated to the 1.5-m level
(2030753). The change in 1.5-m DR from 0.35 (stable, but approaching neutral)
in the first 10-min block to 2.29 (convection-dominated) in the next 10-min
block clearly defines a rapid stability progression during the transition.

The stability transition at the 6-m level is delayed in time, with a DR of
0.02 (strongly stable) in the first time block increasing to 0.41 (approaching
neutral) in the second. Although PDFs from detectors mounted at 6 m are not
available, it is evident from the 2.5- and 3.0-m PDF plots in Figure 16b that
surface-based convection was not penetrating above the first 2 m. The 3-m
Obukhov length L is negative for both time blocks, indicating that the L-
derived transition from stable to unstable occurred somewhat earlier than the

DR-derived transition.
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Figure 17 shows a second set of concentration PDFs. These PDFs are for
concentration profiles taken during Trials P142154 (Figure 17a) and P150010
(Figure 17b). Trial P142154 is representative of diffusion over a distance of
100 m into a quiescent nocturnal flow that was interrupted by a turbulence
burst in mid-trial (see Figure 14). The PDFs in Figure 17a, with their .
exponential slope and long tail to high x/C, are similar in appearance to the
nocturnal case presented in Figure 16a except for the flatness of the PDF at
the 4.0-m level in Figure 17a. The flatness of the 4.0-m PDF for x/C of 7 to
30 indicates very little internal mixing, which is characteristic of a plume
trapped within a quiescent layer. Plume material was present on the tower
mainly during the first part of the trial (represented by the 2142205 time
period block in Table 7), prior to the turbulence burst. The air pool colli-
sion that produced the turbulence also displaced the plume, with only very
intermittent weak concentrations occurring at the tower for the remainder of
the trial. Consequently, the PDFs in Figure 17a are representative only of
diffusion within the quiescent, pre-burst turbulence field.

The micrometeorological summaries shown in Table 7 for the 2142205 and
2142215 time blocks document changes that occurred within a quiescent noctur-
nal ABL during a turbulence burst. The velocity and temperature variances
increase dramatically, reflected by a proportionate TDI increase. The 1.5-m
level DR indicates a slight trend from stable (0.10) toward neutral (0.33) "
during this time. In contrast, the change in Obukhov length at 3.0-m from
-0.6 to +1.8 does not accurately reflect stability conditions or the occur-
rence of a stable case turbulence burst. Again, it is not possible to compare
PDFs from pre- and post-turbulence burst conditions because the plume was
displaced away from the tower as a consequence of this event.

In contrast to Figure 17a, Figure 17b (Trial P150010) shows PDFs for
diffusion over a 100 m distance into a stable boundary layer with initial
turbulence levels similar to those of Trial P070435. Turbulence levels for
Trial P150010 are represented by the initial 10-min period beginning at
2150013, followed by an abrupt turbulence increase at 2150023 (see Table 7 and
Figure 15). As in Trial P142154, the turbulence event displaced the plume
away from the tower. Consequently, the available PDFs are most representative
of diffusion into the pre-event nocturnal ABL. Turbulence levels during this
trial were relatively high from the beginning, as indicated by the well mixed
PDFs at the 0.5-, 1.0-, and 2.0-m levels. Surface-generated turbulence
apparently diminished rapidly with height, leaving a 4-m PDF indicative of a

relatively poorly mixed plume.

The Trial P150010 turbulence event beginning at 2150023 produced turbu-
lence statistics comparable to the statistics obtained for the turbulence
event of Trial P142154. The Trial P150010 1.5-m DR responded in a similar
fashion to that of Trial P142154 by increasing from 0.02 to 0.44 as a conse-
quence of the turbulence event. The Obukhov length again provided no useful
indication of the increase in turbulence between the 2150013 and 2150023 time

periods.
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Figure 17. Vertical profiles of the normalized probability density function

f(x/C) versus x/C obtained from (a) Trial P142154; (b) Trial
P150010. (PDF plots provided by Dr. Eugene Yee, DRES).
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SECTION 6. CONCLUSIONS AND RECOMMENDATIONS

Improved measurement and analysis techniques are beginning to reveal the
detailed physics of atmospheric dispersion processes that heretofore have been
subject to guesswork and gross parameterizations. In particular, the study of
dispersion near surfaces has been hindered by the absence of measurement
techniques able to resolve small-scale processes in an environment character-
ized by strong gradients and non-steady fluxes of heat and momentum. This
region is currently beyond the reach of numerical modeling techniques that are
successfully resolving larger scale atmospheric motions. The Evaporation,
Recirculation, and Dispersion in Light Winds Dispersion test: (1) generated
data bases for validating evaporation and recirculation models, and (2)
provided a first look into the physics of some near-surface high Reynolds
number processes. Much work remains to achieve a clear understanding of these
processes.

The Evaporation Subtest provided a valuable data set detailing the effects
of droplet size, thickener concentration, and surface porosity on the evapora-
tion of the chemical agent simulants DEM and MES. A detailed description of
the Evaporation Subtest and an evaluation of subsequent modeling results is
provided by Roberts (1996). Roberts’ evaluation of an analytical droplet
evaporation prediction model found good initial results, but a general
evaporation rate overprediction with increasing evaporation time.

The Recirculation Subtest characterized flow around a simple bluff body
and the dissipation of windborne tracer gas in its wake. Existing recircula-
tion region contaminant accumulation models were evaluated. Principal
conclusions are: (1) wake width is a more pertinent dimension than obstacle
width, and (2) stability has minimal effect on the properly non-dimension-
alized residence time. Mavoridis (1997) uses these and related study results
to develop improved urban dispersion model algorithms.

Analyses of turbulence and dispersing gas concentration profiles within
the buffer and inertial sublayers have revealed some of the physics of
important non-steady processes such as the transition through sunrise and the
nocturnal turbulence burst. Fourier and u'T covariance quadrant analyses were
found to provide useful insights into these non-steady processes. The
transiticn through sunrise was examined in detail to determine how the
atmosphere evolves from a stable nocturnal state to a state of convection.

The adiabatic condition, with no vertical exchange of heat, often has been
presumed te exist during this transition. However, rather than existing in a
true adiabatic state, the desert atmosphere in transition occurs when there is
a net balance between eddies transporting heat to and from the surface. An
intense near-surface convective layer develops after sunrise and works against
the trapping inversion lid. This depiction of boundary layer transition
differs profoundly from the well mixed adiabatic model that pertains to
regions like Northern Europe. The desert transition pattern implies that
vigorous mixing can occur within confined layers, creating transient episodes
of high ground-level pollutant concentrations from plumes trapped in elevated
stable layers. Similar analyses of the sunset transition are needed to
complete the description of these non-steady processes.
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The lack of satisfactory similarity characterization of the non-steady
lower portion of the surface boundary layer led to the development of two new
indices, the Diabatic Ratio (DR) and the Total Diabatic Influence (TDI). DR,
the ratio of convective to shear-driven turbulence, is a stability indicator,
while TDI provides an estimate of the magnitude of vertical turbulent motions.
Both indices are needed to adequately describe the turbulent state of the

surface boundary layer.

DR and TDI appear to be more robust indicators than Obukhov length L,
particularly with light winds and non-steady conditions within the lower
portion of the surface boundary layer. An advantage offered by the methods
used to compute DR and TDI is that they do not involve the summing of positive
and negative quantities required for flux computations. The result of
algebraically summing positive and negative covariance contributions is a flux
that is often small in comparison with its uncertainty. Using a ratio (the
DR) or an absolute sum (the TDI) of covariance quadrant contributions creates
indices that are relatively large and tractable, while remaining physically
relevant. These indices offer the added advantage that they can be easily
computed in an operational setting using near-surface measurements of the
horizontal wind and temperature components from a 2-axis sonic anemometer/
thermometer. DR and TDI appear to be statistically stable when computed over
averaging periods on the order of 10 min. Thus, they could provide near real-
time estimates of the turbulent state of the surface boundary layer in an
operational setting. These proposed indices are not presently supported by
boundary layer theory, and they have not been subject to independent testing.
Further investigations, to include development of a supporting theory and
applications testing, are needed to determine their overall usefulness as
surface layer stability and turbulence indicators.
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SECTION 7. APPENDICES

APPENDIX A. CONSOLIDATED TIP-SJ AND
MICROMETEOROLOGICAL DATA

The statistical summaries presented in Appendix A were obtained from sonic
anemometer/thermometers and TIPSJ2 photoionization detectors mounted on a 9-m
tower at the indicated distances downwind from a continuous point source of
propylene. The trial name convention is JJJHHMM, where JJJ is the Julian date
and HHMM is the nominal trial start time (MDT). The actual trial start and
end times are given in Universal Coordinated Time (UTC). Wind component,
sonic temperature statistics, and temperature profiles are presented in the
top half of each summary page. The covariance quadrant table includes u'T’
covariance components for the 1.5- and 6-m levels, and wT covariance compo-
nents for the 3- and 9-m levels. With the exception of skewness and kurtosis,
all of the u and v statistics were computed after coordinate rotation into the
mean wind. Below the micrometeorological summary is a profile plot of peak
and mean concentrations, normalized by the highest profile mean concentration.
Concentration profile data are tabulated to the right of the plot. Trial
concentration data were provided by Dr. Eugene Yee of DRES.

A-1




£6°962 €9°1 LE° 1Y €Z°0 SUOLBAIURIUGD) HEIJ PuUB U PITI[BULION
%8°9L2 TL°1 9L 8¢ S0 o ‘ Lo tod
€9°9/¢ 88°1 %9°G¢ 0’1
18°89¢2 TAANA 81°92 S'1 = 1
GE'ETT 99°¢ v 91 0'¢ g
ST LT 7€ 28%°6 4 - 1¢ &
%6 °GTT vy 82°¢ 0°¢€ m
L 1€
0Z° €€ 188 20°1 R £
g 1 o) z i iy
o o o eleq ON = QN
: L S a3emut3se juiod a18utsx
anN aN anN anN anN anN anN anN anN anN anN aN 0’6
aN aN OGN aN aN = anN Y e anN e aN aN 0’9
anN anN aN aN anN anN anN ,.Oz aN anN aN aN 0'E
anN anN aN anN anN --- aN - aN - anN an S'L
0>.1 0<.1 0>.1 0<.L ‘o' ) ()
o>.n",m o>.n',Mm o<,M'.m g<,n',m .1.n LM .L.n 1M % "% '] 5 pULIETE
Sjueipend edueIIRAO)H SUOTJEBT9II0) SIDUBTIBAO) sTsojany
aN anN aN anN anN anN aN anN an anN anN anN 0’6
anN o aN aN dN o= aN aN - anN anN aN 0’9
anN . anN aN aN GN aN anN anN aN anN anN anN (o
aN - anN anN anN - aN anN - anN anN anN Sl
% 620)  (;s7,w) GSrw)  (s/pw) (s/w) (Baq) (6aq) (s/w) (w)
’s s ‘s s JLob MM AN nn m 80 aH SM Wiy
ssaunayg SadueTIEp sueay
*#9°6T ‘W-0°C x9°6T ‘W-G'0 %567 :W-0 (D,) einaexedwal QN :(w) Y3duaT Aoyinq0 £g90 O3 2650 : (DIN) PUTL

69'9
S66T1 LTnr T2

10T3BY UOTIBIJUIDUOCY Neog

t9jeq

£3euwumg e3RQ UOI3BIJUBOUOYH pue Teojdoroxo0ajsworoTy

w o'l :3y31eH @oinog

LI Y4

19d0UB]SIQ 92anog

065020d :‘T®TiL

A-2



€8°8L1 08°2 89°¢1 cZ°0 SUOLINAIUIIUCY) N¥IJ PUB UTILY PIZYBWLION

96°10¢ 20°¢€ 6L°C1 S0 o ' b 0
%9681 01°€ 0811 0°1 A f
VARRA ST°€ €1°01 S'1 A
91" 0YT 0S¢ €1°L 0'2 . o
€1°0T1 9Z'Y 29°% S'¢ - 1¢ &
g
%1°68 9Ly AR 0°€ =
) . ) . - 1 &
12°82 %2°9 €6°0 0% £
*H I o z ! 1y
W pTIRULON —a— -
W PITIFUUON —a— mumn— Oz Qz
L L L s ajewyysa jurod aT3urgx
0900° 00i0'- 9900°- <900° anN 80°- anN £Y00"- 95°'¢t (+] 508 4 anN anN 0’6
§990° 0600°- £€900°- vLiv0° 660+ had g8cot” o clL’t e €2'¢ 8v'e 0’9
LEOD SLL0- <900 2600’ aN 60°- anN 600"~ [+] 504 (0158 4 anN anN [0 ) ™
N ]
8080° $£00°- 8000°- <8L0° L0+ - (53418 fad G6°L - SE'T 8L°C g1 <
0>.1 0<.L 0>.1 0<.L to"o to*o (w)
0>.n'.Mm 0o>,n'm o<,n',Mm o<.n'.m LN LM 4.0 JdMm 'l “3 % " pU T
MUCmHﬁNﬁU ﬂOCNHHﬂ?OU WEOHUMHGNHOU mmogmHHNPOU m,.anUNﬁM
cLo- €20 aN aN anN aN anN anN aN an anN anN 0°'6
$9°0- - ¢SO0 0€'0 ¥90°0 - G.8°0 LLy'o - £'81 802 6°¢C 09
8€°0- LV 0 anN ON €£0°0 anN anN $0°0- anN aN anN [0}
zZ0- - S0 €50 60L°0 bt €190 86€°0 - 961 90¢ A4 Sl
. [1B2Q)  SLw) siw) (gs/w) (s/w) (62q) (8eq) sy (w)
S s ‘s s Lol MM MAA nn m g0 aH SM pUT TN
wwmngwm WQOG.NMHNNV mﬁmwz

*¥6°9T ‘W-0°C »L°9T ‘W-G'0 x§°9T W-0 (Do) @xnjeaadwsl gg+ : (W) YIBUuo] AOYANGD 61ET O3 4421 :(01n) Luwil
6L°ST :OF3IBY UOTIBIJUIOUO)H B3] w Q' :3y3reH eoinog w 0§ :90uUelSIQg @0Ino§

$66T LInr 1z  :e3eq L1euumg B3BQ UOT3IEBIJUIOUOC) PUEB Teo130T010939WOIOTY 6£9020d :TeTIl




0Z'LE1 78°¢ 9/°8 $Z°0 SUOHEIIUDUOY) Y¥IJ PUB URI PIZHWWION _
96° 95T 11°¢ 65°8 S0 o q 0
€L°LET S0°¢ 65°8 0'1 AM M
6L 0€T LT £€°6 S'1 '
81°€21 00°€ 88°L 0°'2 )
98" €21 AN SL'9 52 - 1° &
06" %6 [AAR) 68§ 0°€¢ g
- ¢
1L°09 9€°¢ 69°€ 0y 2
* T o) z I {r
ot bt o ®vlEQ ON = QN
t . s @3ewylsa Jutod a18urgxy
anN anN anN aN anN anN aN aN anN 66°'€ anN aN 0’6
€200’ 090~ LY¥90°- LSED’ GE°0- i €480 hand 98°'¢ - e S0°¢ 0’9
6600° 9500 6900  9/10° aN zzo+ aN 0510° Lee z0'v an an o't
¥£00° 9990 ¥690°- 0ceo’ 8€°0- - S00L"- - 62°'t - > 4 vZ°C Sl
0>.1 0<.1 0>.1 0<.1 10"0 lo"o {w)
0>.nm o> nm o< M o< M An LM AN dm ! “3 | N WBiaH
muc.ﬁhmumﬂd OUQNMHN>OO MCOHUNHQHHOU WQOﬁM.mHN>OU W._u mOU.H.DVH
aN €€'0 [e])] aN aN LEOO anN aN 0Z0 anN aN aN 0’6
L0 - €€°0 610 §02°0 == 8LY'0 S0€°0 hane L°6E (A ¥4 1°L 0’9
o0 Lz°0 aN aN £61°0 ¥20'0 an aN z0°0- aN an aN o€
610 b 10°0- oL'0 0920 == ¢SE0 £92°0 - S'6E £02 o'l Sl
I Baq) (/W) (zS1;w) (¢S/;wW) {s/w) {6aq) (6aQ) {s/w) {w)
’s “s ‘s s Ll MM AA nn M 80 aH SM wBiay
mm@gwxm m00¢NHHN> m.ﬂ.ﬂﬂz
¥2°0Z “M-0°C x6°0T ‘W-G'0 xT'€Z ‘W-0 (D,) oAnjexedwal g- (@) 3TUST AoyANq0  QO0%T ©3 SZET :(DIN) oWyl

8°91
S66T LInr Tz :eaeq

10738y UOTIBIUIOUOY HBAJ wo'T

:3y31eH @oanog

L1euumg ®3eQ UOT3EIjULOUO) puE Teo1807010933WOIDTY

W Q0§ :9duUEB3sSIq 9°INno§

02L0%0d :T®BTIL

A-4




YA

S'0
0'1
S'T
(eaeq jueToTIIInNSuUI) 0°'¢
G'¢
0'¢€
0'Y
9 T 2 z
elRQ ON = QN
aN aN aN an aN anN aN aN an anN aN aGN 06
5050 0t00'- 2200~ 6E£V0° 0L'0+ - Z880° - e - 6E'V LT'e 0’9
5100 500"~ 6100"- L100° an £€°0- an TL00- 98'¢c (AR aN aN o€
£420° 0100~ 6200 L810° 99'0+ - zov0° - £T'e - (WAL 86'€ Gl
0>.1 0<.L 0>.1 0<.L A to"o (w)
o>n'M  O>nN'M O<,N'M 0L, M L0 LM LD Lom % "3 "N " WBlap
SJUBIPEN] 9OUBTIIBAO) uorjeI21I09H S90UBTIBAO) sTso3any
aN aN anN an an anN an an an aN aN aN 06
oL'0- 66°0- 8v°'0- zZieo LS00 150°0 §'9 91z (4 09
80+ 91’0+ aN an 860°'0 500°0 aN an 10°0- rAN 612 9l o€
S0'0+ L9°0- 85°0- L80°0 290'0 £v0'0 6'Gl v02 oL G
1 Baq) (S/;w) {;S/;w) {zS/;W) {s/w) (Baq) (62q) (s/w) {w)
’s “s s s Lol Mm AN ,nn m 60 aH SM iyBlay
mmwgw&.m mmoﬁMHHm\w Sueayy

9°€T ‘W-0'¢  €ET ‘W-G'0  6°2T :W-0 (Do) @Anyexadwel g+ :(w) yaBue] Aoynqo ST O3 94TT :(OIN) WL

10138y UOTIBIJULDUO) HBOg w o'T :3yStey eoinos W QG :90UB3ST(Q 90INOS

G66T LInr gz :e3eq £Ieuums ®leQ UOTIEBIJUGOUO) pUE TBITIOTOI09]OWOIITH 6HG0€0d :T®BTIAL

A-5




SUOHEUIIUOY) HIIJ PUS UNILY PITIBULION

€€°88 94" 1 11°91 SZ°0
€6°101 (51 68°91 S0 * ) o
Zv° L8 LS°T AR 01 A“ Aw
98°€6 %9°'1 %261 $°'1 '
68 1L 8L°1 wL'6 0°¢ g
§S°LS 20°'¢ 12°9 §'T I 1°
06°SS 62°2 80°S 0°¢€ k3
i {c &
92°5¢ 86°C 19°1 0y 3
9 T o) z . 1y
oo pormatont o B3BQ ON = QN
1 L S
anN anN an anN [«[)] anN anN aN anN anN aN aN 0’6
8LY0° 9£60°- 9z10- 6G6L0° €T0+ .= vLG0° - oLt - 89°'C €9°C 09
2S00° 9zZ10'- $900°- 0zZeEo anN €0+ anN €810° 86°1L €8’y anN anN 0o'E
6280 SLEO™- 0800°- (87400 ov'o+ - 9480 o 29°L - SL°¢2 9zt S°L
0>.1 0<.1 0>.1 0<.L 10" to*p (w)
0>n'm  Oo>n'M ggm Q<N m ALn Lo L0 A.m ] "3 " ] yBiay
Sjuelpend adouelIeA0) SUOT]IBT3I10) SIOUBTIARAO)H sTsojany
anN aN aN aN aN aN anN aN anN anN anN aN 0’6
vZ°'0- hond 6v’'0+ 12°0- i8L'0 - gglL'0 veE0 g 961 Lz 8L 0’9
oL'0- 20°0- an anN 9€¢°0 8200 anN aN Z0°0- ¥'0C 1z¢ Ll [0 )84
200+ - ¢9'0+ 60°0- LLe'o - 091°0 €LL°0 == 1'ie [4 %A €1l g4
, ) . ) < Baq) {:S/;w) (eSlw)  (;8/,w) (s/w) {Baq) {6aq) (s/w) (w)
S S S S AL MM AN nn M 8o aH SM Wblay
ssaumayg saoueiaep Sueay

8°€T ‘W-0°Z 6°'€¢T :w-g'Q

€0'9 :0T3BY UOTIBRIJUSOUO) Hmag

S66T LInr gz :e3eq

¢'ET :w-0 (D.) @anjexsduwag
To'T

L1emmg ®3BQ UOT3IERIjUBOUO) puE Teo180T010830wWOO TR

L1

8- (@) YaBuaT aopnqo GTET 03 §HZT :(oLn) auyy
:3y31sy eoanog

190uUe3STQ @91In0§

9%90€0d

S:A 44

A-6



SUCHIBIIUIUCY) HEIJ PUS USIJ\ PIZYBULION
LT €L §9°1 YL 11 6Z'0 o . o
28°26 28'1 rAakAt S0 = = °
81°9¢L 98°1 €6°6 0°1
. . . . X 1
LL° L6 86°1 IXARA! (o | .
09°58 T2 8€°6 0°2 f |, £
8.°68 0$°¢ Zs°L A m
€8°98 L9°¢ 66°9 0°¢ | ic &
Ead
L0°8S ¢S°€ 62°€ oY 8
* T ) z i 1"
AeIY PITPULON —a—
Ve PTELON —e— ‘ . s eleq ON = (N
aN aN aN anN aN anN anN anN anN anN aN aN 0’6
o9y £820°- SECO - LSeL” S50+ - 86LE’ .- 98°L faad 2] A4 0S¢ 0’9
S0€0" 0820°- 08L0™- 18v0° aN 8L'0+ aN LZEO’ €8°L e dN anN o't
8E61° 68E0Q"- ECEO'- +¥901° Sho+ o 68¢¢ o 98’ - r4ir4 14 St ~
0>.1 0<.1 0>.1 0.1 19% i0%0 {w) <
0>,n'M 0> M 0<,M 0L, AtM AN Lm A0 LM P ! " " TLIET
WUC..NHUNSU 00ﬂMHHm>OO MGOHUNHNHROO m&UﬁNHHM?OU sTsoqany
anN aN aN anN anN aN aN anN anN aN aN anN 0’6
Lo+ - $C0- 96°'0- €L8°0 - 89%°0 ¥99°0 hand 8t 14 ¥4 Le 0’9
6L°0+ 9€'0+ aN aN L9L°0 cv0'0 aN aN 10°0- L'El 154 ¥4 §°'¢ 0't
Lc'o+ - 0Z°0- 9¢°0- 8140 nd 8220 GSE0 - LI'Et oLz 1594 Sl
<% 62q) {zS/,w) (SW)  (,S/w) {s/w) (Baq) (6ag) (s/w) {w)
’s “s s "s L.l MMM AA nn m g0 aH SM “WBiay
sSsaumnas saduEBIIR) Sueay |

C'6T :W-0'¢ T°0C ‘W-S°0 6°LT ‘wW-Q (Do) @amgexadwey . 'g- :(w) yaduel Aoyinqo 4T 03 €HET :(DLA) SWTL
$6°L :073®Y UOTIBIIUIOUO) Neag w g0 :3y31ey eoanog W 0g :9JUB3ISTQ 99INOS

66T LInr zz :93e(Q L1euumg e3lRQ UOT3IEBIIULOUOC) puE TEOTZ0T010933WOADTH G%20€0d :IETIL




1848 €€ 01°¢ <z'0 SUOLIBIIUIIUOD) HEIJ PUT U PazijuLIOy

B . . . oL 13 1o
%2°601 L6°€ 6Ly S0 . R — 0
LS €01 VAR €T°S 0'1
06011 8y LE"S S'1 - 14
0T'%8 6T'Y 98°¢ 0°¢ g
89°6L 20y 1€°¢€ $°Z [ 1° 8
0€°69 9% Y L6°2 0°¢ >
- 1¢ =
89°2y LS 65°T o'y B
4 T ) z i IR
X pOTIFULON —a—
o ponsoN s e3BQ ON = QN
AL L m
aN aN anN anN anN aN anN an an -GN aGN anN 0’6
850" 82L0'- $801L°- oLYO” 8L°0- b ¢990°- b )4 - Ev'e 89°C 0'9
0820 9900°- S900°- 99v0° aN LS°0 anN wmoo. LE'E cL'e anN GN 0t
L9V0° 61L0- SL0L°- 96v0° 61°0- - 1L€80°- == [4: 4 - SLe vLe g1
0>.1 0<.1 0>.1 0<.1 to"o ‘0% {w)
0>nm  o>nm o<M g<,ntm ALn JLam ALn Lom P! "3 N " WBieH
Sjueipend souetirA0) SUOT]BT3I10) S3OUBTIIRAO) STsojany
anN anN anN anN anN anN anN anN anN anN anN anN 0’6
€10+ === cL'o+ 90°0- 19€°0 - 8VE'0 EEV'O - 6'29 [4%4 o'l 0'9
c9'0+ Zi'o+ anN anN 692°0 £€60'0 anN aN 000 0’'ts 661 o'l 0'€E
Nﬁo+a o= 0zZ°0- v1°0- 9LY'0 == 662°0 L0V°0 - L°2s 861 01 St
. dB3Q)  (spw) spw) (s (s/w) (Baq) (63q) s/w) ()
S “s s °s AL MM AN nn m 60 aH SM WB1ay
mmwgm&m mmoﬁmwhm> Sueady

0°%¢ :W-0'¢ ¢'§Z :m-g'Q 9°'gg :w-Q (o) ®an3ezedwey  -9- :(w) y3Bueq AOWNG0  8TST ©3 S§HyyT :(01n) Lwyl
99°0Z :073®Y uo}3IBIJUSIUOY HEAg W G0'0 :3y3feH edanog W ¢Z :90uUB3SIQ 99Inog

S66T LATnr gz :93eq L1euumg e3eq uotjeizULsUC) puE Ted>18070100930W0x0TR $Y80€0d :IPTIL

A-8




S¢°0

S0
0'1
ST
(eaeq juardTjInsuy) 0°¢
¢'¢C
0°'¢
0'v
a9 T ) z
Bleq ON = QN
an aN an anN aN an anN anN SL'e anN aN anN 0'6
£920° 9910 Lyeo- Z610° $0°0- Zvoo’ 6€°C £E'e 91’z 09
€00 4800 Ly10- 9100 aN o aN 0Lz0™- 192 60'9 anN anN o€
osvi’ ¥100"- $500'- 6691 v¥8'0 - 08o0¢" SOt 661 oL'e gl
0>.1 0<.1 0>.1 0<.1 10" Lg% ()
o>,n'm  0>m o<,NMm o< L m Ln LM A0 Lm 3 N "N ™ B8
muqmuﬁmﬂd woﬁ.m..n.um>00 mCOHUNHwH&OU S9aoueTaIRAQ) STsojany
LY'o- an anN anN 6100 anN anN GN aN anN GN an 06
$0°0- 80"- L0 €210 gLl 6LL gL 74} 9z 0’9
8L°0- 620 anN anN £91°C zoo’ an anN z0'0- anN anN an 0'e
SL°0 60"- £0"- 9vL'0 el o8t 8zl L9l Ll gl
<% Baq) (S/;w) {S/;w) (S/,w) (s/w) {Baq) {6aq) {s/w) C {w)
’s “s ‘s s Lol MM AN nn m g0 aH SM wbiaH
mmwgw&.m mwoﬁmﬂhm\w mﬁmwz

811 ‘W-0°'¢ 6°0T ‘Ww-¢'0 8'0T :‘W-0 (Do)

N :OT3BY UOTIBIJU3DUO) BOJ

L 14
G66T LInr gz :e3eQ Lzeummg elEQ UOTIBIIUSOUO) puE TBOTFOT0I1091BWOIITH 0€5090d :TeBTIl

190UB3ST(Q 20IN0§

eamjeredwe] T-0+ : (W) yaSue aoyiNqo ¢4TT 03 8ZTT :(DIN) owIl
o G000 :3y319H edanos

A-9




SUOLIRUIDUCY) YBIJ PUT LR PIzI[TULION

88°1¢ %1'€ 16°€ A . ,
13
T6°LL €9°¢ LYy ) . , 0
6€°S8 GE'€ L6 0°'1
88°LT1 82°¢€ €€ L S°'1 A s
L2°€6 29°¢ 26°S 0°¢ g
€6°56 AR, y1°g A i 1 &
€v°68 629 9Ly o€  E
b 1 -4
82°29 65°€ '€ 0% 3
D 1 ) z i 1
wopt ponl o elEQ ON = QN
1 1 m
anN anN anN anN anN aN anN anN (8°C anN aN anN 0’6
6£00° Si120- 9220'- Loto’ SE'0- === LOEO - - S0't - 8Lt ¢8'¢C 0'9
£600° 8€00°- CEQO- E610° aN ov'o anN ‘1zzo’ ' 082 anN anN [+ )83
§500° 0€20°- L020- oLLO’ 0€°'0- e cLeo- fem 06°¢C hand Lz’e lc'e Sl
0>.1 0<.1 0>.1 0<.1 ‘0% ‘o"o (w)
o>.nm o> n'm oMM 0<.nYMm L0 Lm A0 LM P % P! " W61y
SJuBIpEN) SOUBTIRAOYH SUOT3ETaII0) SIOUBTIIABAO) sTsozany
0Z'0 anN anN aN SLL'o aN aN aN aN aN anN anN 0'6
9Z'0 - G9'0 10°0- 860°0 e 80L°'0 SL0°0 el v'0e gel L0 0’9
v'o EL'0 anN aN 860°0 1€0'0 aN anN 10°0- anN aN aN 0t
Zvo . b 8v°'0 62°0 [e] >4 s} b L60°0 $90'0 - 6'v2 6Eil 80 S'1
] (0820 (SLW) (sw) (sw) (s/w) (8aq) (8aq) (s/w) (w)
S *s ‘s s Lo MM AN nn ) 90 aH SM wbiay
wwwgwxm mmvﬁNHHNP mﬁmoz
6°T¢ ‘W-0'Z T'€Z :W-G'Q0 6'TZ ‘w-0 (Do) eanjexadual - 4- (@) yaBuaT aoyinqo  9z4T 03 gouT :(0In) owIL
80°9T :0T73eY§ UOTIBIJUIOUO) Nrag wQo'fT :3yS1eH @oinog

G661 LInr ¢z

t93eq

L1euumg eieq uorjwizuasuUCy pue 1e2T807010930WOIOTR

u gz

5080904

190uUB3STQ @0anog

({eraL

A-10



SUOIIBIIUIIU0Y) H¥IJ PUS URIA PIZI[BULION]

16°6vT 8.1 18°91 6Z°0 A o
[+]9 °
157691 10°2 %6° L1 S0 : ' . 0
19°981 80°C 8L°81 0'1 R
80°€91 81°2 %2°91 1 - T T T ,
68°€0T €72 29°6 0°¢ %
. . . . - 12
86°96 €0°€ LE'9 §'¢ g
. . . . =
GE°8L L9°€ 12 % 0'€ . &
L . -
60°L2 98°¢ 60°1 o'y F
an T 0 2 3 Ere
eI ponprution —e— 'elRQ ON = QN
1-2 PPTPULON e . . s
6£00° ZLeo- LLLo- 8L00° aN 920 dN 9¢20°"- Lv'e gL't anN aN 0’6
LELOD LELO- (441 9t60° 0§°0 - qcrtL: --- G8°'t - 09y LS'¢C 0’9
£800° 8vZ0- 0LLO- oLLO’ GN 2¢'0- anN §Z20- L0V 26'S anN anN 0’
90L0° QL1O- SvL0°- 9etLl’ S0 - 4418 i 86°€ - 65t SL't Sl
0>.1 0<.l 0>.4 0<.1 to"o to"o (w)
o>n'Mm 0> M oM 0<,nMm A0 LM An oM ) “ " b w6y
sjuelipend 9OUEBTIBRAO) SUOT]BT9I10) SIOUBTIBAO) sTso3any
L0 CL°0- aN anN yELO 190°0 aN aN S0°0 aN aN aN 0’6
6£°0- - 8v'0 ov'0o 99L°'0 b ¥SE0 96¥v°0 had o8l INAA 9'C 0'9
09°0- 1€°0- AN aN 2o 6£0°0 GN aN v0°0- anN aN aN o't
89°0- . et €v°0 £S°0 LEEO - +Ov°0 6vE'0 .- o'z L0C 8’1l sl
{3 Baq) (S/;W) S/, W) (;S/ ) {s/w) (Baq) (Baq) {s/w) ~{wy)
’s *s *s "s AL MM AA nn m 60 aH SM  ybieH
wmwgmvmm wmoCmHHm\w Suesy

§'02 ‘W-0°¢ 8'6T ‘W-G'0 #'9T :w-Q (D.) @anjexadumag, "1 :(w) YyaBusT aoyinqo LOTT ©3 ZEOT :(0In) Wil
$6'6 :0T3IBY UOTIBIJUIIUO) Neag wQ'T :3y8yeH 9oanog W gZ :9dUB3ISTQ 901INo§g

S66T LInr 9z  :e3eq L1euumg ®3EBQ UOTIBIULOUOCH pue Teo1307010932WOIDTY GEY0L0d :TBIaL

A-11




98°88 96°1 LL°TT $Z'0 SUONELIUIIUOY) EIJ PUT UBIR PIzIRLLION

. . . . (X1]
T1°¢%1 68°1 98°¢1 S°0 :
¢S 19T 96°1 98° L1 0°'T
79°8L1 8€°¢C 6¢°S1 €'1
€67 (0T £€6°¢C VL' L 0°¢ g
o
9T1°18 11 % 08°¢ 4 g
L9° €S 18°¢ 061 0°€ kS
-4
v°¢ €L°€T 0Z°0 0% 3
*9 T ) z
AeId POTIVULON —a—
o e o . . J BlEQ ON = QN
zzLo $GE0™- 8LEO™- £Z10° an og'o- an LZYO'- £2'€ £9'E an an 0'6
L Zrio- 8v10- oot 850 8681" o oL’ oz'e 69'C 0'9
oLLo’ L9E0"- £2€0"- 8v10° an og'0- an LZY0"- £0'€ 16°€ an an o€
68LL" zLo- Y110 Lz £9°0 SEZT e 16'C - LY'E e Sl
0>.1 0<.L 0>.1 0<.L L0% to%0 {w)
0>n'm  O>n'm 0g,nMm g<,n,m L0 Am A Lm > “3 N " wbiay
SJueIpen) 20UBTIRAO) SUOTIBT3IX0) SIOUEBTIRAO) sTso3any
£L°0- zoo an aN 081°0 aLL'o an an 60°0 an an an 0'6
vzo- 100 80°0- 9LL0 £€2°0 889'0 £8 Zve e 0’9
vio- v1°0- aN an 892°0 9L0°0 an an 50'0- aN - an an o€
80°0- - ¥0°0- L0°0 €520 691°0 00§°0 - 9'6 6€Z Lz St
. 1 Baq) {;S/;w) {zS/w) (¢S/,w) {s/u) {Baq) {6aq) (s/w) C{w)
S *s s s LoL MM AA n,n ) 90 aH SM yBiaH
wmm§0v~m mwOEm.mHm\/ wﬂ.mwz

9°0C ‘W-0°C 0°0Z ‘W-G'0 £'ST :w-Q (Do) eamjexsdwe] 97 :(w) yaBuse aoyynqo 8STT 03 €211 :(01n) suwyy
00°0T :0T3®Y UOTIBIJUSOUO) Heag w o'l :3y3dyey eoanog W G°ZT :90uE3ISIQ 991INn0§
G661 LInp 97 :93eq Lxeuumg ®3eQ UOTIBIAULLUOY pue 1801807010939 WOID TR 6150L0d :I®IIL

A-12



1 TAY

S'0
0'1
S'1
(eaeQ JUL8TOTFINSUI) 0°¢
S°¢
0°¢
o'y
*9 T o) z
'leq ON = (N
9510 6820'- 2510 8020° an 90'- aN 8L00'- e L6y an anN 06
991" §ZG0'- EVLIO™- vose: 290 -- £L6¢" - 82'C - 0€°'C e 09
1900° 6910'*- 1200~ LELO’ aN LO- anN 6t00'- 81'C zT'9 an anN 0'€
6590° 6200 9v00'- LEOL" 290 - L19t” - LLE - ov'e €6'C Gl
0>.1 0<.i 0>.1 0<.l o0 Lo*o (w)
o>.n'm 0> ,'mM 0oL, 'm0, M LD Lo AN LM D “ "N " yBiay
muﬁmuﬁmﬁd aourTIRAO) mﬂ.o..numHOHHOO S90uUBTaIRAO) sSTsojany
81’0 8Z°0- aN an 889°0 620°0 aN an ¥0°0+ an an anN 06
9t°'0 £1°0- 0L'0 LZy'o 89°'0 LLo vie T44 Lt 09
250 G1°0- anN an 6LE°0 zLoo an anN $0°0- anN an aN 0'e
10 - ro- 10°1 09%°0 - 59°0 510 - §'vE 061 €1 gt
, ) Baq) {;S/;w) (zS/;w) {¢S/;W) (s/w) (baq) (6ag) (s/w) {w)
S s s s AL MM AN nn m g0 aH SM pUTTETE
SsauMmasg s9douBIIB) sueoy

9°LT ‘w-Q°¢ L'GT w-G°Q 6°€T :W-0 (Do) @anzeiadua]

G661 LInr 9z :93eq

L 114

£1euNmg B3BQ UOT3BIJULOUOC) puE 1e°T307010930WOIDTY

:90ue]lsSI(F 920aIno§g

6090L0d

(TeIAL

0T+ :(w) yaBusT aoyynqo GEZT ©3 002ZT :(DIN) SWIL
¥IN :0TI®Y UOTIBIJUAOUO) NqBIJ w Gg0'0 :3ySrey @oinog

A-13




18° 122 60°2 2€° L2 SZ°'0 SUOHRIIURUCY) NEIJ Pus URIY PazIjTuLICy

L1°802 $6°2 65 €1 S0 o * i 199 i
18" %6 ¢0°Yy 96y 0'1
6L°0¢€ 91°8 70°'1 S°1 - 4
66°0 %58 92°0 0°2 - )
£2°0 €1°21 60°0 $°Z - 12 2
g
--- 0'¢ F
0'Y g
xd,
0 T 0 z - iy
g o —— -
veors pemmasont o 'lEQ ON = QN
1 1 1 Il m
zolo’ 8L10- LZ10- 4800 an 80°0- an 9500'- Si1°z ov's an an 0'6
£850° 6L00"- $£00"- £0€0° 8v'+ €€L0° - £6'C zs'e €2E 09
#500° 1600"- 1600 1900° an gl'0- aN 83900 €0°E 19 an an o'e
vLZ0° LEED"- £EE0'- £ES0° 90"+ - LELO aL'e sv'z e g1
0>.1 0<.1 0>.1 0<.l1 o0 19*p (w)
0>m  0>n'm 0<,NM Q<N M AN Lo A0 JLom ] "X " ] yBiay
muﬁmuﬁmﬁ@ woﬁm.mkm>00 mGOHUNﬁwHHOU mmoﬁm,.n.HMs#OU mHMOUH.DVm
4N st'o- an an LL1'o 8200 an an 10°0- an an aN 0'6
L0'0- Zro- ov'o $91°0 8110 Zvi'o 6'6 99t 1z 0’9
zeo- 80°0- an an 0E€°0 800°0 an an 100" aN an an 0'e
or'o- vZ°0- 90°0- Zvvo 8£0°0 6L1°0 g9 151 8’1 gl
. 1% Baq) (/W) {;S/;W) {:S/,w) (s/w) (Baq) (Baq) (sw) qwy
S “s *s s LoL MM AA nn M 60 QH SM WyBiaH
ssaumayg sadueTIR) suesy]

6°8T ‘W-0°Z L°LT ‘w-G'Q £-gT ‘w-0 (Do) @an3yeisduay "€+ (W) yalueg aoypinqo 4zgT 03 %621 :(01n) euyy
§6'6 :OT3IBY UOTIBIIUIOUO) NBI] W g0 :3y3yeH @9ianog W g'ZT :9duUBlSIQ 90INog
S66T LInr 97 :e3mQ L1euumg e3e(q UOTIBIUSIIUO) pue TeoT307010933WOIDTH 0%90L0d :1ETAL

A-14



SUOLIBIIUIIUC) ¥ PUS UTIJ PIZHBUWLION

£t 161 0L°C 00°¢1 GC'0
o . . . 118 3 10 100
g€ 9¢¢ 6%°'¢ 80°0¢ S'0
0L°96C 6€°¢C 69°9¢ 0°'1
%76°€92 98°¢ [8°LT S'T
¢8°06 GE'Y 89°% 0°'¢ w
Y ARA SL°9 Zs°1 §'e g
. . . . =
0€°91 L8°8 G9°0 0°¢ &
-
L8°0 2641 €1°0 0'% F
*9 T o) z
mpt ppesent e . . . ®yeq ON = QN
1L00" 910~ 9800'- zotLo’ aN 80°0- aN 1500°0- 08'L zZL's an an 0'6
v£90° 6£00"- 6900"- TANN zL0 S¥L1°0 - 8v'e - r4>4 8S'E 0'9
+¥900° £800"- 1Z10"- $900° an gL'0- aN 8£00°0- v8'E (VA4 an an o'e
9v60° 5010"- 0500'- T TAN 89'0 - §L02°0 - L8'2 - 99'z SS'E g1
0>.1 0<.1 0>.1 0<.1 0% 100 (w)
0>.n'M  0>M 0L, M 0<,AMm AN JLom An ) ) “3 " b wBiay
muthmumﬁ.c NOCMHHNPOO mCOMuNﬁQHMOO mOOﬁNHHm>OO ST mOUHﬂM
¥Z'0 L0°0 anN aN LET'O 9100 aN an 00'0 aN an aN 0'6
S0°0- - zE0 26°0 £Z€'0 GLL'0 0810 S0l £02 gt 09
sv'o- 1 an aN 99+4'0 800'0 aN aN £0°0- aN an aN oe
61°0- - 150 z0'L 609°0 5010 ¥51°0 LSl 902 z gl
. 2% Baq) {zS/;W) (zS/;w) {zS/,w) {s/w) (Baq) {6aQ) (s/w) {w)
S s ‘s s Lol MM AA nn m 80 aH SM - WyBiaH
Ssaumas sadoueTaIEp sueajy

8°61 ‘W-0'C ¢'8T :W-G'Q0 #'97 :w-Q (D,) @angexaduwag] e+ :(w) yaBuel Aoyinqo THOT 03 £ZOT :(HIN) °wWIL
¢T°TIT :‘OoT3EY UOTIBIUIOUOY Neag w o'l :3ySteH @oianog W ¢Z :90UB3ISIQ 99INOG

G66T LInr 6z :93eQ £3euums e3eQ UOT3BIJUGOUO) puR [EOTB0T01097°WOIDTK SO0%001d eIl

A-15




96 €12 9¢°1 GSZ° 1€ SZ°0 $UOLIBIIUIUCY) W] puE UBIPY PazijsuioyN
cLULee 29°1 26°62 $'0 p : - e 1oo?
79181 98°'1 8112 01 .
99 4.1 9.°¢ 00°€T S 1
1Z
TL 811 12°¢ 06°L 0°¢ o
65716 oL € S6'Y ¢ 1¢ m
96" €L Y1y L9°€ 0°¢ 1 =
z
9%°81 09°¢ L9°0 o'y 1¢ w
* 1 o z 1°
2, —— 14 =
o oo o e3eq ON = QN
1 1 i n
o’ z0°- £0°- SL10° anN LL1°0- anN 1810 62'C 95y an anN 0’6
¥89¢’ 9600 5020 6Lve 120 - [4:7AA - 88t - ¢6°¢C SL°L 0’9
00’ 10°- 10 1S00° anN ¢c o anN 6010 89y g8'v anN anN (/84
98v0’ ¥960°- vZLO - 6860° S0°'0 it (810 o ge'e - et 11 3¢ 4 S
0>.1 0<.,1 0>.1 0<.l 10" 10%p (w)
0>.MMm 0>, Mm o<,m g<,n'm Ln Lo LN Lom N | N "X yBiay
muﬁmnﬁmﬁ-d moﬁm.mum>00 mCo..num.—..w.HHOU mmUCmHHm>OO mHmOuHﬁM
et o+ SL0+ anN anN ZL0'0 anN an ¥0°0 anN anN aN 0’6
55 A0 == ¥0+ SE'0- 1820 b 99v°'0 g85°0 - L8l G661 (04 0'9
29°0- €00+ aN aN LSS0 S00°0 anN anN €00 anN anN anN o't
650 . === £E'0+ Lo 199°0 d 6vL°0 L8T°0 - €Ll 69¢ ¥l S
. {0880)  (SLw)  (spw) (s/w) (s/w) (6aq) (Baq) (s/w) {w)
S s s s AL MM AN nn m 60 aH SM pUTCIETS
S wmgw&m mwoﬁm.m.um> wﬁmwz
0°ST :W-0°C 2'#T ‘Ww-¢'0 T'4T :w-Q (D) sanjezedwa] 0°T :(w) Y3Bua] aoyinqo 42zT 03 64TT :(DLA) ewIl
62°L :0T3IEY UOTIjRIjUaOUOYH Jeaq W 0'T :3y319H @dinog

S66T LInr 62

193eq

u gL

A1eummg e3lBQ UOT3IRIjUIOUOYH Pue 1201307010932 WOIDTY

{190UB]STQ 20anog§

05500Td

‘TeTal

A-16



s¢'0

S'0
0'1
S'1
(eaep JUaTOTIFNSUT) 0°'¢
(4
0°¢
o'y
o) T o) z
Bl ON = (Nx
£L00° 9900°"- 9800 8500° an ¥0'- an 6100 L6'2 12 an an 0’6
0£90° 0£60"- 8001 veoL 50°0- ¥820"- 69'2 'z 88'L 0'9
¥500° £v00"- £L00"- 0200’ aN £L- an 9v00" SL'E 65'9 an an o€ ~
$200° 8060"- z580'- 8520° 05°0- Lyl 89'¢ vz 0e'2 g1 <
0>.1 0<.L 0>.1 0<.1 19" ip*p aﬂ.;
0>,nm  0>,nm 0<,I'Mm <N M ) Am AL Lm >3 “ " " wBieH
SQ3UBIPEND 20UBTIRAO)H SUOT]EB[91I0) SOOUBTIBAO) sSTso3any
vL0- 09°0- an an 8v5°0 500'0 aN aN 100 aN aN an 0'6
69°0- vE'0- £2°0- zzL0 o0 L6E°0 5L 681 6C 0'9
9€°0- Lz'0- an an 00v'0 £00°0 an an 50°0- an an an o€
1§'0- 800+ £2°0+ LSE'0 LEL'O £€T'0 611 6L1 8l 51
201 Baq) (S, W) GSLW)  (;S/,w) (s/w) (6aq) (6aq) (sw) ()
’s s s s AL M AN ,n,n m 60 aH SM WB1aH
mmwgwxm S90UBTIABA Sue9y
§°97T ‘w-Q0°¢ 9°¢T ‘w-¢°Q S HT uw-0 (Do) @anjeisdusy, :(w) yaBuo aoyynqo zZOET 03 9221 :(o1n) PwTl

#IN :0T3I®Y UOTIBIJUIOUO)H NBIq w G0'0 :3Yy319y @oianog

G661 LInr 6z :93e(

u gL

Lxeuumg e3leQ UOT3IBIJULOUO) puE TEOTF0T0I09]5WOIDTHR

190UB]ST(J 90INn0§

0€900Td :T®TilL




1€ Y€l c8'1 6L°CT $Z°0 SUOLIEIIUIUOY) H¥IJ PUS UNILY pazyTuLION

. . . . ol I 10 100 Y
99°202 S6°1 €2° 22 S0 : . _ . s
1%°802 26°1 €€ %T 0'1 ] N
%9°61¢ (8°1 8L°92 S'1 N . iz
S0°2LT €6°1 £8°0¢ 0'¢ 3 - it 9
¢S EET s1°2 S €1 $°2 i 1" 8
8L°8€T S¥°¢ 11°21 0°€ 3 i° E
3 19 =
S0° LS 8% € 61°¢€ 0y 1 i, %
iy 1 o) z 3 s
[~ v poy — .
o oot s ®lEQ ON = QN
1 1 i L oL
ZE00" 0€00°- 8€00°- 0200° anN L0°0- an 8100~ 08’y 18'v anN anN 0'6
0oL SL0L°- 6691°- 80£0° 9G6°0- - S9E¢C- i g0'L - EVC 69'61 0’9
[§°4%e0 810 0010 810’ anN S0'0 aN 6v00° Ly 81’6 an aN 0'e
cL60’ Z6eEL"- LOEL - £060° Si°0- .- ¥880°- - 0S°L - LS'C 1A St
0>.1 0<.1 0>.1 0<.L 19% ) )
0>,'m  O>,n'M Q<M Q<N M A0 Lo Ln Lo P! "3 3 3 wbiaH
sjueapen) aoUBTIRAO) SUOTIB[AII0) SIOUBTIRAO) sIsojany
98°'0- 60°0- anN anN vLL0 900°0 aN anN ¢0°'0- anN anN anN 0’6
8L't- hatd rAAl] olL°L- 809°0 - LOL°0 L82°0 '8 6L1 v'e 09
GE°0- 60°0 anN aN 1{8°L 600’0 anN OGN €0°0- aN aN anN o't
000 - ot 10°0- S0°0 888°C haad 00oL°0 0ZL'0 - G'il 691t L' L
. [168Q)  (SLW)  (sLw) (s/pw) (s/w) (62q) (62q) (s/w) . ()
S *s ‘s 's Lol MM AA n.n M 60 aH SM pULETE]
ssaumalg sadueTIEp suesy

€°61 :W-0'C §°6T :w-g'0 g'9T :w-Q (D.) ean3jexadumay "T- :(w) Ya3usT Aoyingo gHET 03 8OET :(DIN) SWIL
S0'8 :0T3I®Y UOTIIBIJUAOUO) HEOg W gz :3y3drey eoinog w g/ :90uUB3ISTQ 29INnog

S66T LInr 62 :e3eq L1euumg ®3leq uoTjeIjUsVUCY pue Teo180T010933WOIOTY S0L00Td :T®IaL

A-18



0€° 601 122 96°01 $Z'0 SUOLINIIUIIUCY) NEIJ PUB USIJN PIZIBULION
. . . . ‘0 100
85 €91 L5°2 6" €1 ) o ' d 0
¢9°TLT cL'C 7' €l 01 | 1
%1911 £6°¢C 8L L S'1 1,
L8°09 16°¢ 1€°¢ 0°¢ = 4
L 4 m
68°¢6¢ 1€y ov'1 (A g
29°ST 89°¢ 89°0 0°€ i 1" §
. . . . L ¢ &
€8°Y 60°L 61°0 o'y 't
L 19
9 T o) 2
L 42
o et o '3IBQ ON = AN
s ! ! 8 @jewyse jujod aJ8ursSx
6500° L500'- £900- 1900’ GN 90°0- aN 1200 (8'8 €6V an anN 06
Z900° 9€60°- S2vo- zoLo’ 65°0- L6LLO- v - €8'1L - e 8e'z 09
8500° 0£00°- G€00'- Sv00° GN ZLo+ an €400 z9'C 0§'9 an aN o€
8solL’ 1200 L200'- 60L0° 180+ - 6vL1L0 [4A - LS'E 96°C gL
0>,1 0<.iL 0>.1 0<.1 10" io%0 (w)
0>.nMm  0>M o<, AM 0, M ALn Lo ALn LM P “ " b w6ray
S3jueIpEN]) 20UBRTIIRAO) SUOTIBT8II0) SIIJUBTIBAOY) sTsojany
9L 60°0 aN an L51°0 600°0 an aN zZo'0+ anN aN aN 0'6
Lo - zeTo- £5°0- 8840 620°0 v¥80°0 §'g L61 6t 09
10'0- £1°0 aN anN o £00°0 an QN £0°0- anN anN an 0'c
£9°'0- ¥9'0 85°0- L56°0 8100 8v0°0 59 €61 £l g1
I Baq) (;S;w) {;S/;w) (zS/;w) (s/w) (62q) (6aq) (siw) ()
’s s s s A4 MM MAA an m g0 aH SM wBiay
ssaumog SIOUBTIBA sueay

*9°9T ‘W-0°C xy°CT ‘W-G'Q0 xg %1 ‘W-0 (D) eanjexadud]

T0°¢T

S66T 3nvy 10/1Inr 1€ :o3eq

{0738y UOTIBIJUIOUO) Nesd

w ¢z :3ydisH @o1nog

"T- (W) y3TueT AoPINQ0  8es0 O3 1250 : (OIN) oWil
u gy

L1euumg ®3EBQ UOT3EIZULOUO) pUE 1e°o1307010930WOID TR

:9oue3lsSTg 92iIN0S

GCETCTd :TeETil

A-19




S¢°0

S0
0'T
S°1
(e3eq justorygnsuy) 0°'¢
(4
0°¢
oY%
g T o) z
BlBQ ON = (N
6v10° 9.20'- §LY0'- 8€Z0° anN vi'o- an £9£0°- 6Z'6 ze'oe aN an 0'6
LSvL LLEQ"- G910 0zvo’ z€'0 veel’ 80'G Le 9z'2 0'9
0010 sZLo- 9920'- 0800° anN 0Z'0- an 0zz0"- §9'¢ 86'8l anN anN o€
6580° 2600'- 9280°- 6L oo 988t’ 0s'v 16°L ev'e gL
0>.1 0<,1 0>.1 0<.1 19" 1o*0 (w)
0>."m 0> ,n'm gg,nm o<, M AL LM LN LM % "% N "5 Bl
SJUBIPENY SOUBTARAOYH SUOTIBTIII0) SOOUBTIABAOCYH STso3any
1LL- aN an an LEBO aN - an an aN an aN anN 06
gl'L- veo- 50 00Z°L Lv8'0 851°0 8'8l 612 67 09
Lzo LA an an 661°C 600'0 an an L0°0- an anN an 0'e
6Z'1L £2°0- 00'0 L1971 LEG'O ovio A AA L1z (V)4 Gl
) Baq) (;S/,w) {;S/;w) {zS/;w) {sjw) {Baq) {Baq) (s/w) - {w)
°s s s s Ll MM AN nn Mm 60 aH SM yBray
wmmngwm mmoﬁ.m,.num\w mﬂmwz
9°'¢€Z ‘w-Q°¢ 9°%¢ ‘w-g'Q S'1¢ ‘w-0 (Do) ®anjexeduag $(w) y3aBuaT aoyynqp 1260 03 9440 :(DIn) owyj
*IN :0I3BY UOTIBIJUSOUO) Heoq WGz :3y319H @oanog W Q00T :9°UB3lSTQ 929IN0G
S66T 3ny zo :e3e(

L1euumg e3eq uor3eIULdUO) pue TedTF0T010938WOIITH

0622€Td

11eTal

A-20



S TAY

(4]

0°1T

S'1

(e3eQ JULaTOTFINSUI) 0°¢

A

0°¢

(V)

9 T o) z
B3lBQ ON = QN%*
+900° 0200°"- +800"- 9200’ an £0°'0- aN S100- oL'EE 98'v1 anN aN 06
6£8¢" 8920'- 6650 G0L0° zs'0 z89¢’ v8'v 9GP e 0'9
9V 6210"- €510 6€00° an Le0- an 5020'- 162 10’ anN aN 0e
69L1 ¥£00'- £v00"- 6911 89'0 2982’ 6L°C £6'C oLe g1
0>.4 0<.1 0>.1 0<.1 0% ) {w)
o>'M 0> M 0L, M O, M An Lm ,Ln LM P “ "N " WyBiaH
SJURIPEN] 20UBTIIBRAO) SUOT]BTaII0) SOOUBTIAIBAOY) STso3any
SLp- 60 an anN £VE'0 900°0 aN an Lo0'o- an anN aN 06
£9°L- 050 610 sl LS50 8LZ°0 8'cl €61 8'Z 0’9
£2°0- €0°0- aN an L¥80 600'0 an anN v0°'0- an aN aN 0t
LE'O- LLo- 00°0- 295°0 9Z£°0 SI1E0 L've 8sl 9'l gL
2 Baq) (zS/;w) {zS/,W) (zS/,w) (s/w) {6aq) (Baq) (s/w) {w)
’s “s S s A1 MM AA nn Mm 90 aH SM WBleH
wmwgw&.w mwoﬁmﬂkmur Suesp

9°¢¢ :W-0°¢ 0°%C ‘Ww-¢'0 €°T% ‘wW-0 (Do) eanjexedwe] T+ :(w) y3aBueT Aoynqo 6090 ©3 HESO : (DIN) SWIL
*IN :OT3BY UOTIBIJUBOUO) NEdq w gz :3y8rey @oinos w QT :9ouUB3ISTJ 99IN0Yg

666T 3nv zo :eaeq A1euNmMS B3BQ UOTIBRIIULOUO) pUEB 180180701093 2WOIDTY OYVEZETd :TBTAL

-

A-21




SUOLIBIIUIIUDY) Y¥IJ PUS URIN PITI{BULION

0€°601 XA AN 96°01 SZ'0 . . .
. oL } (Y] 100 1000
86" €91 L1S°2 76 €1 ) = - SN e o
29°1L1 L 7' €1 0°1 - 1t
%1°911 €62 8L°L S 1 1 1°
£8°09 15°¢€ 1€°€ 02 1 ” g
$8°62 €Y 0% 1 S i i &
29°S1 89°¢ 89°0 0°€ 1 i, &
K2
£8°Y 60°¢ 61°0 0y 1 {. 3
*D T o z g 1
3 —— 46
o e —o . , o ®18Q ON = QN
LOLO’ 8E10°- €L10°- ¥600° anN €1°0- aN cLio- 91°'¢C v6'v aN an 0’6
6201° €090'- 09v0°- S¥S0° €10 - ZiS0°0 - e - €L°C e 0’9
€500’ 1600~ 6010~ 9200’ anN €2°0- an NN—o.- ZE'E $9°6 aN aN o't
8620° (027450 ) 0600°- 620" cL'o - L6100 e Le - €G°€ 62t S'i
0>.1 0<.,1 0>.1 0<.1 10" 19 (w)
0>.'m  0>,AMm 0, M o<, m JAn L A0 L 3 ) "N ] wbteH
Sjueipend sOUBTIIBAO) SUOT]IBT3II0) SIOUEBTIEBAO) sTsojany
L0°0 L0°0 anN anN 289°0 €100 AN aN 00°0 aN anN aN 0’6
0g'0 - 19°0 S0 095°0 - LL9°0 1L2°0 == €Ll oLz 92 0’9
LE'O 8¢'0 aN aN COE0 0L0°0 anN anN ¥0'0- anN anN anN o€
tzo . - €0°L Zi'0- 2¢LL0 - 1150 svi0 - L'z cie Ll g1
. 1 Baq) (S/w) (zS/;w) (;s/;w) (s/wy) (Baq) (6aq) (s/w) {w)
S “s s 's LoL MM MAA .n,n m 60 aH SM “yBio
ssauma§ SaouUBTIERA sueay
§'02 :W-0°Z 0°0T :W-G°Q0 §'6T :W-0 (Do) @anjexadwsl g+ :(w) yzusq Aoynqo 0040 ©3 6290 :(DIn) Swyl
T€°2T 0738y uoT3lBIjUEOUO) Neag o g0°0 :3y3dteH 9oanog W Q0T :9°uelsT@ 99Inos
G66T Buy zo :e93e( L1euumg ®3EBQ UOTIBIIULOUOY pue 1e21307010933WOIDTR

0€00%Td :T®TIL

A-22




TANY

G'0

0'1

S'1

(e3eQ JUaTOTIINSUI) 0'¢

S°¢C

0'¢

o'y

g T ) z
eleq ON = QN
6L00° LG10- 120" oelLo’ an 81'0 anN 0910'- r43 zZ0'6 an an 0'6
covt: £6L0'- 6080~ 6090 800 9tv¥0°0 6LV ve'e 66°C 09
1z1o° L0 0020'- (WATY an v0°'0- aN v00°- vz'e r's an aN oe
001" L6GL- 68£0°- gleL” z0'0- €910°0- 66'€ 29T 69'€ Gl
0>.1 0<.1 0>.1 0<.1 10”0 io*0 (w)
o>.,A'Mm 0>,'M O M 0L, M LN Lo L0 Lom % "3 Pl " w6ioH
muﬁmhﬁm.bd ?durTIaARBAO) SUoOT3lEeTL21I0) §3dueTIRAO) STsoqany
8t'0- LE0 an an LZE0 9200 aN anN 10'0- an aN aN 06
59°0- £€9°0 88°0- 1840 062°0 1L59°0 €52 T4 0z 09
160 0z'L anN anN - TAN 1100 an anN 200~ aN anN aN oe
88°'0 10'0 GL°0- 946'0 681°0 065°0 Lve 1Ll L 54
() Baq) (S/;w) (zS/;w) (;S/;w) {s/w) (Baq) (62Q) (s/w) (w)
’s *s s s Al MM AN nn m 90 aH SM RUL T
mmwgm&m S{oUBTICH SUe9Ipn

¢°ST ‘W-0°C §°%T ‘wW-G°0 6'€g ‘W-0 (Do) 2anjeaadwe] G+ :(w) Yy3BueT Aoyynqo 0g:40 03 §G:g0 :(DLA) PWIL
10738y UOTIBRIJUSOUOH YBSJ w ¢'Zz :3y3ysH @oanog w QQT :9°ue3sI 99IN0Y

G66T 3ny g0 :o3e( £1emumg ®lBQ UOTIBIJUIOUO) pue TBOTS0TOA08]BWOIDITH $GIZYTd :1BTAL

A-23




SC°0

¢'0
0°1
S'1
(eaeq jJuatoryynsuy) 0°¢
1A
0'¢€
0'%
*9 T o) z
B'leq ON = ({Nx
600’ 8900"- 6v00°"- 6600° aN vLL- an 6L00° L9°E 9z'v an an 06
£8v0° €921 LIl 12995 giL'o- 2890°- £0'V 95°¢ LE'E 0'9
5120° 9,20 8€10'- YA) aN an LLLO" t6'2 eVl aN aN 0'e
g€zol° ¥610°- £250"- 65T’ 150 6682 88'g - 6L'e LZ'E gl
0>.1 0<.1 0>.1 0<.1 19" ig*p (w)
0>.,n'Mm  0>,n'm Q<A M o< nm A LMo g LM | " ] "™ By
muSmHUM$O muﬁm.mu.m>oo mﬂo.mwm.mwh.ﬂoo mwoﬂnm..n.u.muroo m.mmouHﬁM
zo0°L- zLo- an an 6vE'0 6000 anN an 10°0- anN anN aN 06
6e'lL- Lo 8iL'0 660°C LLE'O £02'0 LS5l ool 1'e 0'9
G0'1L €€'0 an an L06'Y 900°0 anN anN 10'0- anN an an o'e
oL'L z8'0 89°0 S22 vzeo S¥1°0 zoz Sl 9L Gl
(1 Baq) {;S/;w) (zS/,W) {£S/;W) {s/w) {Baq) {baq) (s/w) {w)
‘s “s s "s Aol MM MA nn m 60 aH SM WBiay
mwwgwxm mwoﬁmﬂ.ﬂm\w mﬁmwz
%°%C ‘w-Q°g 0'¢2 ‘uw-¢g'Q ¢°22 ‘w-Q (Do) ®anjexadwe]

*IN :0T3®Y UOTIBIJUSOUOY NBO]

S661 Isndny ¢/z :e3eq

w00

s (W) Y3aBueT Aoynqo €650 03 8SHO :(DIN) ewrl

:s3yd1eg eoanog

uw 00T
£1eummg e3eq uol3lEIzUSOUO) puUE Teo1307010930WOXDTY

:90UB3STQ 90ino§

SYZey1d :TETAY

A-24



SUOIIRAIUIIUOY) H¥IJ PUN UL PITIBULION

YL LY oY1 ZL6 SZ'0 . .
. . . oL 3 1o 100
9298 16°1 0L %1 §0 . _ 0
S° 18 €5°1 80°€1 01 1 it
S 60T 86°1 0L° L1 61 F 1t
. . . . - 4¢
02" 16 L1 S €T 0°¢ g
- b3 4 3
8%°¢8 98°1 68°6 (4 . 2
I 3 -+
€9°8L L6°1 11°6 0°¢ ] i, &
K
747" 9% %6°2 L9°¢ 0y ] {, s
* T ) z F i
- L —— 18
v poreiont —o . . o B3BQ ON = ON
€180° 9860°- €9.0°- LYo’ anN ot anN oLv0°0- g6°L 4§ anN aN 0’6
8881 0190 8160'- 9982’ EV'0 - GZEE0 .o £0'C - 95’ 99°€ 0’9
vZeo’ Svvo- 8LV0- CLED” anN el anN £820°0- l€°C LSV anN an o't n_D
gloe’ 69€0°- €0v0°- L60€E" 99°0 hnd 9EeEY'O il ve'e == Ge'S Zv'e Sl Aw
0>.r 0<.d 0>.1 0<.1 0% t0%0 {w)
o>.nm 0>0M 0L, M 0L, M A0 A Ln L ! 3 N " WBiay
mUGm.HmvmﬁO aoueTIARAO) SUOT3IBTIII0) SI9OUBTIRAO) STsojqany
610 ov'0- anN aN 180°€ 9L0°0 anN anN i0°0+ [a]] anN anN 0’6
950 - LO°L- L¥°0 881°¢C == LLEO 6920 - 19°1 gle A > 0’9
180 91°0- aN . anN c99°L 6E0°0 aN anN S0°'0- anN an anN o't
68°0 ) - ce°L- 19°0 §86°1L - y¥S°0 C0E'0 - 8'Gt [4%4 £C St
[ B3Q)  (SW) GSW)  (5/uw) (s/w) (6aq) Boa)  (s/w) (w)
g s g "g A1 MM AA nn M 80 aH SM " yBiey
SSauMays Saouelaep sSuealy

§°CC ‘W-0°¢ €£°C¢ ‘w-6°Q0 . §'TZ :w-0 (Do) @anjexedwsy 9+ :(w) yaBue] aoyinqo ¢€£zZT ©3 80ZT :(DIN) PWIL
81°9 :0TaeYy uUOTIBIJUIOUO) qEBI] w ¢z :3y8yeH 9oanog W Q0T :9°ouUuelsIg 92Inos

666T Isndny g0 :eo3eQ £1emumg ®3BQ UOTIBIJUIOUO) pue TeOTIO0T010939WOIDTKH 0T1006Td :T®Ixl




22°9¢ €22 ZL°¢€ SZ'0 SUOKIBIIUIIU0Y) NI PUT USIN PIzZyBULION
2598 L5°2 0Z'S <0 ] A 0
L' 6% 99°¢ LTy 0'T1
0€°89 €6°¢C c6'Y S'1 - 1%
S0°8% 0T'¢ 61°¢ 0°¢ g
81°2¢ 12°¢ S6°'1 c'e 3 1" 2
AR 92°¢ 91 0°¢ . E
S “1 4
LE'TT ¢Sy ¢9°0 o'y 3
g T ol z - 18
o e . _ N BIBQ ON = AN
6800 SEE0'™ 1810 OLE0’ an 60°0- an S110- e 50°'§ an aN 0'6
9990° 9L10™- 610 9150° 0E'0+ - $280°0 Sv'e 8Ly 952 0'9
£900° 9v10"- LELO™- 0500° aN yzo- aN 6910 6E'E Lr'e aN ON o€
zov0° ¥L10"- £800°- L8E0 zeo+ LESO0 e 98z 8E'Y 90'¢ gl
0>.1 0<.1 0>.1 0<.1 0" ‘0% {w)
0>.'Mm  0>.ntm o<.Ntm 0<,nm L0 JLom An JLom % "3 ] " yBray
SJuBIpENY VJUBTIBAO) SUOT]BI9II0) S9OUBTIRAO) sTsolany
280 $0°0- an aN 0890 920°0 an aN €0°0- aN aN aN 0'6
680 ZAl zLo 005°0 z61°0 Lvi'o Lz z8l €€ 0'9
190 200 an aN EVZ0 020°0 aN aN 50°0- aN an an o€
€E'0. - eL'L- LEO zezo L1Z°0 €zL'o il vLL ¥z g1
, 1 Baq) (S/;w) Sl W) (S/,w) (s)w)  * (Baq) (6aq) (siw) . (w)
S s s "s L1 MM AN nn M 60 aH SM wBioy
wmwgmxm mwoﬁmwkm> Sueay
0°€z ‘W-0°Z £'%% ‘W-G'0 ¢'1Z :w-Q (D,) °anjexadual g+ () yaBueg Aoynqo  40L0 03 6490 :(DIN) SWIL
YT°€T :073®Y UOTIBIIULOUO) MESg W G0'0 :3y31ay e@oanos W Q0T :9%°uB3IST( 99anog
S66T 3ny go :e3eq L1eunmg e3eq UOT3BI3USDUO0) puUB TEO7307010933WOIDTY

05S005Td

(Terag

A-26



APPENDIX B. REFERENCES

Biltoft, C. A., 1993: Concentration fluctuation modeling of chemical hazards
(assess vulnerability). Report No. DPG/JOD-93-001, U.S. Army Dugway
Proving Ground, Dugway, UT.

Biltoft, C. A., 1995: Surface effects on concentration fluctuation profiles.
Report No. DPG/JCP-95/019, U.S. Army Dugway Proving Ground, Dugway, UT.

Biltoft, C. A., 1997: Phase I of Defense Special Weapons Agency transport
and dispersion model validation. Report No. DPG-FR-97-058, U.S. Army
Dugway Proving Ground, Dugway, UT.

Blackwelder, R. F. and J. H. Haritonidis, 1983: Scaling of the bursting
frequency in turbulent boundary layers. J. Fluid Mech., 132, 87-103.

Briggs, G. A., 1988: Analysis of diffusion field experiments. In Lectures on
Air Pollution Modeling, A. Venkatram and J. C. Wyngaard (Eds.), Amer.
Meteor. Soc., Boston, 63-117.

Busch, N. E. and H. A. Panofsky, 1968: Recent spectra of atmospheric turbu-

lence. Quart. J. Roy. Meteor. Soc., 94, 132-148.

Businger, J. A., 1973: Turbulent transfer in the atmospheric surface layer.

Workshop in Micrometeorology, D. A. Haugen (Ed.), Amer. Meteor. Soc.,
Boston, MA, 67-100.

Chatwin, P. C. 1985: Towards a box model of all stages of heavy gas cloud
dispersion. Turbulence and Diffusion In Stable Environments, J. C. R.
Hunt (Ed.), Clarendon Press, Oxford, UK, 259-291.

Deardorff, J. W., 1972: Numerical investigation of neutral and unstable
planetary boundary layers. J. Atmos. Sci., 29, 91-115.

Deardorff, J. W., 1985: Laboratory experiments in diffusion: The use of
convective mixed-layer scaling. J. Clim. and Appl. Meteor., 24, 1143-
1151.

Fackrell, J.E., 1984: Parameters characterizing dispersion in the near wake
of buildings. J. Wind Eng. Ind. Aero., 16, 97-118.

Falco, R. E., 1991: A coherent structure model of the turbulent boundary
layer and its ability to predict Reyolds number dependence. Phil. Tranms.
R2 Soc. lond. A, 336, 103-129,

Folz, A. B., 1997: An experimental study of the near-surface turbulence in
the atmospheric surface layer. Ph.D. Thesis, University of Maryland,
College Park, MD.

Garratt, J.R., 1992: The Atmospheric Boundary layer. Cambridge University
Press, UK, 316 pp.

B-1




Haugen, D.A. and J.C. Kaimal, 1969: Some errors in the measurement of
Reynolds stress. J. Appl. Meteor., 8, 460-462.

Holtslag, A.A.M. and F.T.M. Nieustadt, 1986: Scaling the atmospheric boundary
layer. Boundary-layer Meteor., 36, 201-209.

Hunt, A. and J.P. Castro, 1984: Scalar dispersion in model building wakes.
J. Wind Eng. Ind. Aero., 17, 89-115.

Kaimal, J.C. and J.E. Gaynor, 1983: The Boulder Observatory. J. Climate &
Appl. Meteor., 22, 863-880.

Kaimal, J. C. and J. J. Finnigan, 1994: Atmospheric Boundary Layer Flows.

Oxford University Press, NY, 304 pp.

Kim, J., P. Moin, and R. Moses, 1987: Turbulence statistics in a fully
developed channel flow at low Reynolds number. J. Fluid Mech., 177,

133-166.

Klewicki, J. C., 1989: On the interactions between the inner and outer region
motions in turbulent layers. Ph.D. dissertation, Michigan State Universi-

ty, East Lansing, MI.

Klewicki, J. C. and R. E. Falco, 1990: On accurately measuring statistics
associated with small scale structure in turbulent boundary layers using
hot-wire probes. J. Fluid Mech., 219, 119-142.

Klewicki, J. C., M. M. Metzger, E. Kelner, and E. M. Thurlow, 1995: Viscous
sublayer flow visualizations at R,= 1500000. Phys. Fluids, 7, 857-863.

Kline, S. J., W. C. Reynolds, F. A. Schraub, and P. W. Runstadler, 1967: The
structure of turbulent boundary layers. J. Fluid Mech., 30, 741-773.

Long, R. R. and T. C. Chen, 1981: Experimental evidence for the existence of
the "mesoscale" in turbulent systems. J. Fluid Mech., 105, 19-59.

Mavoridis, I., 1996: Field experiments on secondary source generation by
obstacle wake entrainment. Report No. C2044/015/CBDE, University of
Manchester Institute of Science and Technology, Environmental Technology

Centre, Manchester, England.

Mavoridis, I., 1997: Atmospheric dispersion around buildings. PhD thesis
(draft), University of Manchester Institute of Science and Technology.

Manchester, England.

Metzger, M. and J.C. Klewicki, 1996: Statistics of velocity and pressure in
the surface layer over the Salt Flats of Utah’s West Desert. Report No.
PFD 96-01, University of Utah Department of Mechanical Engineering, Physi-

cal Fluid Dynamics Laboratory, Salt Lake City, UT.

Murlis, J., H. M. Tsai, and P. Bradshaw, 1982: The structure of turbulent
boundary layers at low Reynolds numbers. J. Fluid Mech., 122, 13-56.

B-2



Raupach, M.R., 1981: Conditional statistics of Reynolds stress in rough-wall
and smooth-wall turbulent boundary layers. J. Fluid Mech., 108, 363-382.

Raupach, M. R., 1983: Near-field dispersion from instantaneous sources in the

surface layer. Boundary-Layer Meteor., 27, 105-113.

Roberts, I., 1994: Droplet evaporation from porous surfaces. CBDE Report
2044-022-CBDE. Environmental Technology Centre, Department of Chemical
Engineering, University of Manchester Institute of Science and Technology,
Manchester, England.

Roberts, I., 1996: The evaporation of neat/thickened agent simulants from
porous surfaces. CBDE Report 2044-013-CBDE (in preparation).

Robinson, S., 1991: Coherent motions in the turbulent boundary layer. Ann.
Rev. Fluid Mech., 23, 601-639.

Schlicting, H., 1979: Boundary lLaver Theory, (trans. J. Kestin) 7th ed.,
McGraw-Hill, Hamburg, 817 pp.

Smith, C.R. and S.P. Metzler, 1983: The characteristics of low-speed streaks
in the near-wall region of a turbulent boundary layer. J. Fluid Mech.,
129, 27-54.

Stull, R. B., 1988: An Introduction to Boundary Layer Meteorology, Kluwer,
Dordrecht NL, 666 pp.

Tavoularis, S. and S. Corrsin, 1981: Experiments in nearly homogeneous tur-
bulent shear flow with a uniform mean temperature gradient. Part 1. J.
Fluid Mech., 104, 311-347.

Venkatram, A., 1988: Dispersion in the stable boundary layer. In Lectures

on Air Pollution Modeling, A. Venkatram and J. C. Wyngaard (Eds.), Amer.
Meteor. Soc., Boston, MA, 267-324.

Willmarth, W. W. and S. S. Lu, 1972: Structure of Reynolds stress near the
wall. J. Fluid Mech., 55, 65-92.

Wyngaard, J. C., O. R. Cote’, and Y. Izumi, 1971: Local free convection,
similarity, and the budgets of shear stress and heat flux. J. Atmos. Sci,

28, 1171-1182.

Wyngaard, J. C., 1973: On surface-layer turbulence. In Workshop on Micro-
meteorolopgy, D. A. Haugen (Ed.), Amer. Meteor. Soc., Boston, MA, 100-149,

Wyngaard, J.C. and J.C. Weil, 1991: Transport asymmetry in skewed turbulence.
Phys. Fluids, 3, 155-162.

Yee, E., P. R. Kosteniuk, G. M. Chandler, C. A. Biltoft, and J. F. Bowers,
1993: Statistical characteristics of concentration fluctuations in
dispersing plumes in the atmospheric surface layer. Boundary-Layer
Meteor., 65, 69-109.

LI §

B-3




Yee, E., R. Chan, P. R. Kosteniuk, G. M. Chandler, C. A. Biltoft, and J. F.
Bowers, 1994: Incorporation of internal fluctuations in a meandering

plume model of concentration fluctuations. Boundary-Layer Meteor., 67,
11-39.

B-4



APPENDIX C. LIST OF SYMBOLS

Speed of sound

Mean measured concentration

Correlation between horizontal and vertical velocity fluctuations
Correlation between temperature and vertical velocity fluctuations
Correlation between temperature and horizontal velocity fluctuations
Specific heat at constant pressure

Peak (99th percentile) measured concentration

Droplet diameter

Horizontal component of turbulent thermal diffusivity

Vertical component of turbulent thermal diffusivity

Gravitational acceleration

Heat Flux, pCpn—;;T7

Cube face length

Wake width

Momentum deficit thickness
Surface texture or grain size

Concentration fluctuation intensity (ratio of the concentration
standard deviation to the mean concentration)

Kurtosis of the concentration field measured at a detector

von Karman constant (nondimensional parameter with a magnitude of 0.4)

Obukhov length (L = pCyu.’/kgH)

Sample size

Ratio of plume profile peak concentration to plume centroid mean concen-

tration

Turbulent kinetic energy
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LIST OF SYMBOLS
(CONTINUED)

Flux Richardson number
Plume Richardson Number

Momentum deficit thickness Reynolds number
Skewness of the concentration distribution measured at a detector
Temperature, degrees Kelvin

Temperature variance

Averaging time

Residence time

Nondimensional residence time

Wind speed

Mean wind speed at plume centroid

Surface shear stress

Friction velocity, the square root of the vertical momentum flux

(—aT)y /2

Axial velocity root-mean square (rms)
Alongwind velocity variance

Free stream velocity above the boundary layer
Inner-normalized mean axial velocity (u/u,)
Inner-normalized axial velocity rms (u’/u,)
Crosswind velocity variance

Vertical velocity

Vertical velocity wvariance

Free convection scale

Convective velocity scale

Downwind distance from dissemination point to detector array
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LIST OF SYMBOLS
(CONTINUED)

Dimensionless downwind distance in a convective boundary layer
X w,

Spanwise pocket scale (yu,/v)

Height of the plume centroid

Mixed Layer depth, height of the atmospheric boundary layer
Aerodynamic roughness parameter

Height of the plume peak concentration

Height of detector above ground

Height of source above ground

Nondimensional height

Turbulent kinetic energy dissipation rate

Inertial scale

Taylor microscale

Potential temperature, degrees Kelvin

Plume travel time normalized by the Lagrangian timescale
Density of air

Tracer particle vertical drift velocity

Viscosity of air

Eddy viscosity

Instantaneous concentration

Mean tracer particle drift velocity
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WASHINGTON, DC 20301-3050
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WASHINGTON, DC 20318-5116

DIRECTOR
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ATTN: OPAC J FOX.
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DIRECTOR
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ATTN: OWTP

WASHINGTON, DC 20506

DIN PAX4
FORT DETRICK, FREDERICK, MD 21701-5004

HQ USEUCOM

UNIT 30400, BOX 1000
ATTN: ECJ5-P

APO AE 09128-4209
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ATTN: )543

BOX 64015

CAMP H.M. SMITH, HI 96861-4015

COMMANDER IN CHIEF

U.S. ATLANTIC COMMAND
ATTN: J33CW

1562 MITSCHER AVE, STE 200
NORFOLK, VA 23551-2488

HEADQUARTERS
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ATTN: SCSG
UNIT 1175

APO AA 34003-5000

COMMANDER IN CHIEF

U.S. SPACE COMMAND

ATTN: SPJ33Z (LTC SPOEHR)
PETERSON AFB, CO 80914-5000

COMMANDER

JsOC

P.O. BOX 70239

ATTN: J3-NBC

FORT BRAGG, NC 28307-5000
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HQDA (DAMO-FDB)
PENTAGON, RM 3C549
WASHINGTON, DC 20310-0430

HQDA (DALO-SMG)

ATTN: COL AHERN
PENTAGON, RM 1C570
WASHINGTON, DC 20310-0550
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ATTN: LTC CURLING
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FALLS CHURCH, VA 22041-3258

COMMANDER

U.S. ARMY TRAINING AND DOCTRINE COMMAND
ATTN: ATCD-GB (MR. HASKINS)
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COMMANDER

U.S. ARMY MATERIEL COMMAND
ATTN: AMCCB (MR. KOGER)
ATTN: AMCCB (MR. HARBS)
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ALEXANDRIA, VA 22333-0001

COMMANDER

U.S. FORCES KOREA
ATTN: FKJ3-PL-C
APO AP 96205-0010

COMMANDER
U.S. ARMY PACIFIC COMMAND
ATTN: APOP-NC
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FORT SHAFTER, HI 96858

COMMANDER

U.S. ARMY SOUTH
UNIT 7107

ATTIN: SOOP-T
APO AA 34004-5000




U.S. ARMY TEST AND EVALUATION COMMAND
ATTN: AMSTE-TA-S (CHAN)
AMSTE-TA-G
AMSTE-ST
ABERDEEN PROVING GROUND,
MD 21005-5055

DIRECTOR

U.S. ARMY RESEARCH LABORATORY
ATTN: AMSRL-SL-C

ABERDEEN PROVING GROUND,

MD 21005-5001

DIRECTOR

U.S. ARMY RESEARCH LABORATORY

HUMAN RESEARCH ENGINEERING DIRECTORATE
ATTN: AMSRL-HR-MM (D. HARRAH)

ABERDEEN PROVING GROUND, MD 21005-5001

COMMANDER

USA SOC

ATTN: AOOP TRU NBC MAJ WALL
FORT BRAGG, NC 28307-5204

COMMANDER
U.S. ARMY EDGEWOOD RESEARCH, DEVELOPMENT
AND ENGINEERING CENTER
ATTN: SCBRD-RT
SCBRD-EN
ABERDEEN PROVING GROUND,
MD 21010-5423

HEADQUARTERS

U.S. ARMY TRANSPORTATION CENTER
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FORT EUSTIS, VA 20604

COMMANDER

U.S. ARMY AVIATION CENTER
ATTN: ATZQ-CDM-S

FORT RUCKER, AL 36362

COMMANDER

U.S. ARMY INTELLIGENCE AND THREAT ANALYSIS
CENTER

ATTN: JAITAC-RXW

BLDG 213, WASHINGTON NAVY YARD

WASHINGTON, DC 20374-5085

COMMANDER
U.S. ARMY NATICK RESEARCH,
DEVELOPMENT AND ENGINEERING CENTER

ATTN: SATNC-AA 5015

SATNC-IPS (MR. ROLL) (5019)

SATNC-U (MR. CLOVER)

SATNC-YSA (DR. ROBERTSON)
KANSAS STREET
NATICK, MA 01760-5020

COMMANDER USAJFKSWC
ATTN: ATSU-CD-CS
FORT BRAGG, NC 28307-5000

COMMANDER
U.S. ARMY NUCLEAR AND CHEMICAL AGENCY
ATTN: MONA-NU (COL FORD)
MONA-CM (COL SKELLY)
MONA-ZA (DR DAVIDSON)
7150 HELLER LOOP SUITE 101
SPRINGFIELD, VA 22150-3198

COMMANDER

U.S. ARMY OPERATIONS EVALUATION
COMMAND

ATTN: CSTE-ECS (CPT WHITEHURST)

4501 FORD AVE #780

ALEXANDRIA, VA 22302-1458

COMMANDER
U.S. ARMY MEDICAL RESEARCH INSTITUTE
OF CHEMICAL DEFENSE
ATTN: SGRD-UV-RO 3100 RICKETS POINT ROAD
ABERDEEN PROVING GROUND, MD 21010-5425

COMMANDER

U.S. ARMY MEDICAL RESEARCH INSTITUTE
OF INFECTIOUS DISEASES

FORT DETRICK, FREDERICK, MD 21701-5011

COMMANDER

FIFTH U.S. ARMY

ATTN: AFKB-TR-UN

FORT SAM HOUSTON,

SAN ANTONIO, TX 78234-7000
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ROOM 2024 SIEBERT HALL

FORT MCCLELLAN, AL 36205-5020

COMMANDANT

U.S. ARMY FIELD ARTILLERY SCHOOL
ATTN: ATSF-TA-SS

FORT SILL, OK 73503-5600

COMMANDER

U.S. ARMY INFANTRY SCHOOL

ATTN: ATSH-CDM-F
ATZB-CD1

FORT BENNING, GA 31905-5400

COMMANDER

U.S. ARMY COMBAT SYSTEMS TEST ACTIVITY
ATTN: STECS-AA-LS

ABERDEEN PROVING GROUND, MD 21005

COMMANDER

CHEMICAL BIOLOGICAL DEFENSE AGENCY
ATTN: AMSCB-BD

ABERDEEN PROVING GROUND

MD 21010-5423

COMMANDER

U.S. ARMY TRAINING AND DOCTRINE COMMAND
ATTN: ATCD-SL

FORT MONROE, VA 23651
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CSTETABT
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ATTN: AFZF-CML

FORT HOOD, TX 76544-5056

COMMANDER
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COMMANDER
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FORT HOOD, TEXAS 76546-5200

COMMANDER
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ATTN: AFVC-CM
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APO AE 09111-2108
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COMMANDER

10TH MOUNTAIN DIVISION
ATTN: AFZS-CML
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